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BEYOND THREE DECADES OF CONTINUOUS RESEARCH AT UTIAS

ON SHOCK TUBES AND WAVES

I. I. Glass
Institute for Aerospace Studies, University of Toronto

Toronto, Canada

Analytical and experimental research on nonstationary
shock waves, rarefaction waves and contact surfaces has
been conducted continuously at UTIAS since its inception in
1948, Some unique facilities were used to study the proper-
ties of planar, cylindrical and spherical shock waves and
their interactions. Investigations were also performed on
shock-wave structure and boundary layers in ionizing argon,
water-vapour condensation in rarefaction waves, magneto-
gasdynamic flows, and the regions of regular and various
types of Mach reflections of oblique shock waves. Explo-
sively-driven implosions have been employed as drivers for l
projectile launchers and shock tubes, and as a means of
producing industrial-type diamonds from graphite, and fusion
plasmas in deuterium, The effects of sonic-boom on humans,
animals and structures have also formed an important part of
the investigations. More recently, interest has focussed on
shock waves in dusty gases, the viscous and vibrational
structure of weak spherical blast waves in air, and oblique
shock-wave reflections, In all of these studies instrumen- )
tation and computational methods have played a very impor-
tant role, A brief survey of this work is given with some
perspectives on future research,

1, INTRODUCTION

ated by Dr. G, N. Patterson when he envisioned and planned the then Institute
of Aerophysics in 1948, even though it was not actually available until 1949,
and opened officially in 1950 [1]. He became its Founder and first Director,
His first three students in the shock-tube field, Bitondo [2,3,4], Glass [3,5]
and Lobb [2,6,7], were initially guided by his analysis of shock-tube flows
[8] for the design of their facilities and appropriate experiments.

The actual research on shock tubes and supersonic wind tunnels was initi- ‘

Since this survey is confined to nonstationary flows, it will not be ;I
possible to include references to many other gasdynamic flows which were stud-
ied then and subsequently throughout the decades by members of the staff and
students alike, Dr. Patterson's interests later centred on kinetic theory [9,
10], and when I obtained my Ph.D, in 1950, I assumed responsibility for re-
search and development in nonstationary flows. The present survey then deals
with the analytical, numevical and experimental studies in this field from
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1948 until the present day.

It should be noted at the outset that this survey is not meant to be ex-
haustive as far as references are concerned or in the details of the various
researches. Here and there a reference from sources other than UTIAS will be
called up to assist the reader, Consequently, I hope that many authors will
forgive me if their names do not appear, and the readers for the brevity of
this presentation, The choice had to be arbitrary in order to fit the limita-
tions of this review.

2. THE FIRST DECADE, 1948-1958

Analytical and experimental work in this decade centred mainly on one-
dimensional flows in shock tubes induced by shock waves and rarefaction waves.
The various interactions of these waves as well as those with contact surfaces
were also of considerable interest. As shown in Figs. 1 to 4, it was soon
realized that the diaphragm-breaking process was far from ideal [2,7,11]. This
had a serious effect on the flow quality behind the contact region (Figs. 1-4),
which originated in tne driver section of the shock tube, and was disturbed
and made turbulent by the remaining jagged edges of the diaphragm. Consequent-
ly, the predicted high Mach number in this cold gas was not achieved [6,12].

On the other hand, the flow Mach number in the region compressed by the shock
wave in the channel was in quite satisfactory agreement with analysis at the
lower shock strengths [7,12].

As for the velocity of the shock wave, it was soon found that it attenuated
{11,12,13] with distance from the diaphragm, increasing shock Mach number, and
lowered channel pressures for a given shock-tube cross-section (Fig. 5). The
attenuation increased with decreasing cross-sectional area. Some early analy-
ses [14,15,16] showed that the sidewall boundary layers (Fig. 6) induced by
the shock wave and rarefaction wave were responsible for the shock-wave attenu-
ation, In additiun, the boundary layer caused the contact surface to acceler-
ate [11] (Fig. 7) so that the testing time in the hot region was limited and
it was not possible to increase it by going to a longer channel, as inviscid
analysis predicted., This situation also caused flow gradients in the hot re-
gion, which meant that gasdynamicists, physicists, and chemists had to take
these deviations into account in analysing their test results for perfect and
imperfect gases with vibrational, dissociational or ionizational excitations.

Subsequently, the shock tube became one of the most versatile and econom-
ical test facilities for universities, government, and commercial institutions
alike, It soon evolved into several hybrids of shock tunnels, expansion tubes
and multidiaphragm shock tubes designed to provide high-stagnation temperature
and high-Mach number test conditions useful for re-entry heat-shield design of
space capsules which were then under development.

At UTIAS however, some emphasis was placed on wave interactions such as
the refraction of a shock wave at a contact surface [3,4,17] and through a gas
layer (Fig. 8). This work also showed that a shock wave may be tailored
through refraction such that only a Mach wave is reflected from the contact
surface, This idea led to the reflected shock wave, tailored-interface, shock-
tunnel operation, thereby providing a constant-pressure high-enthalpy reservoir
of gas for expansion through supersonic or hypersonic nozzles [18,19] (Fig. 9).
It was also surmised that a layer of gas, such as hydrogen or helium, might
provide a protective barrier for attenuating blast waves. However, it was soon
noted that the subsequent overtaking of the transmitted shock wave by the re-
fracted shock wave would quickly diminish the attenuation [17,20] and increase
the pressure ratio across the transmitted wave to nearly the original shock
strength incident on the layer of helium.

It is worth noting that the overtaking of two shock waves provides the
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ideal shock-tube problem after their interaction, that is, a shock wave and a
centred rarefaction wave which are separated by a perfect contact surface (Fig.
8). A near-perfect shock-tube problem can also appear at the refraction of a
shock wave at an air/helium interface, as shown in Fig. 8, with a very well
defined centred rarefaction wave. Breaking a diaphragm in a shock tube does
not produce a centred wave. The tail of the wave is usually obscured in
schlieren or shadow photographs, showing that sharp gradients are absent (Fig.
2). However, the head of the wave is always visible and provides a gasdynamic
means of measuring very accurately the speed of sound in gases [2la]. It is
worth noting that only the equilibrium sound speeds were measured from the
first characteristic line, even in CO,-carbon dioxide {21b], and SFg-sulfur-
hexafluoride [21c], as it was not possible to produce an ideal centred wave
where the frozen precursor might have been observed [see 52a) near the origin.

Additional interactions were studied, such as the head-on collision of
shock waves [22] and of shock and rarefaction waves [22,23]. In the former
case, again a perfect contact surface is formed (Fig. 10). The head-on colli-
sion of two shock waves also provides a means of studying reflected shock
waves without wall-effects by using two shock waves of equal strength, Very
high temperatures with real-gas effects can be obtained in this manner. If a
wall is used for reflection, the tailored-interface technique mentioned above
can be used to provide a gas with very high escape speed, which is also useful
for molecular-beam studies.

One-dimensional refractions of rarefaction waves at contact surfaces [24,
25] were also investigated analytically and experimentally using hot-wire
anemometry and piezo-pressure gauges. This study showed that rarefaction-wave
profiles did not agree with one-dimensional theory and were very much weaker
than predicted for a given diaphragm pressure ratio, especially for stronger
waves [25]. The so-called Riemann invariants were also not satisfied [12].
Nevertheless, the rarefaction waves as produced agreed reasonably well with
the refraction analysis., It can be stated that the various one-dimensional
wave interactions studied analytically were verified by experiment. However,
in the case of strong shock waves, real-gas effects had to be considered to
improve the agreement with analysis [22,12].

With the construction of a 23-cm diameter field of view Mach-Zehnder inter-
ferometer [26], many worthwhile problems could now be investigated where quan-
titative density distributions were important for an understanding of the flows
involved. This made it possible to study the transition through a contact
front developed in a supersonic nozzle [27]. It was shown that it had a den-
sity profile resembling a shock-wave transition. The spiral vortex [28] pro-
duced by the diffraction of a plane shock wave over a sharp plate was another
interesting problem for optical study (Fig. 11), especially with the interfero-
meter, It has since been investigated by other researchers in greater detail,
The interactions of plane shock waves with plane wire screens [29] and plane
and oblique perforated plates {30,31] was also a fruitful area of interest
(Figs. 12-14). Transmitted and reflected shock waves were furmed which were
separated by the screen or plate and a contact region. If the flow through
the screen or plate was choked them a second, upstream-facing, shock wave was
formed near the screer or plats s milar to the flow development in a nozzle
(Fig. 9). Since the . .reen or .forated plate produces a new transmitted
shock wave and contact .o ‘on. .t is possible to obtain density and pressure
measurements behind the :-~# shock wave from measurements of the shock speed
and contact surface speed in the (x,t)-plane, using a rotating drum camera,
This method is useful for perfect gases, However, for real gases, neither
the pressure nor particle velocity is very sensitive to changes in initial
pressure for a given shock speed. Consequently, this is not a precise method
of measuring real-gas properties behind strong shock waves. There is little
doubt that direct measurements of pressure, density, and temperature are
required in such cases,
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The interaction of a plane strong shock wave with a steady magnetic field
{32] is not unlike the interaction with a wire screen., If argon is used as
the test gas for example, then it ionizes and the axial components of the
ponderomotive force produced on the gas when it interacts with the magnetic
field also gives rise to a transmitted and reflected shock separated by a
contact surface. A secondary upstream-facing rarefaction wave can also occur,
The wave systems are limited by the initial conditions such that all waves may
not always occur. A current flow is also produced at right angles to the flow
velocity and magnetic field vectors. In essence, this is the principle of all
magnetogasdynamic electric-power generators.

It is also worth noting that some theoretical work on various aspects of
the collision and penetration of two rarefaction waves [33], and the overtaking
of shock waves by rarefaction waves [34], and vice versa [35], was also com-
pleted. Although these are interesting problems, they were not investigated
experimentally. In the case of the overtaking problems, simplifying assump-
tions were made by neglecting secondary characteristics resulting from the
interaction. This would limit the analyses to weak rarefaction waves,

It may be concluded that the studies of diaphragm rupture, the actual wave
system in a shock tube, the effects of sidewall boundary layers, various types
of wave interactions or shock-wave collisions with screens, perforated plates
or magnetic fields have taught us a great deal about one-dimensional nonsta-
tionary flows in shock tubes, The agreement with analyses has been quite
satisfactory by and large. Researchers using such facilities can apply correc-
tions to deviating flows, whether they be due to inviscid, viscous, or real-
gas effects, However, there are still untested analyses that require experi-
mental verification, In addition, there are unanswered questions about actual
flows in rarefaction waves, in the cold-flow region, and the entire flow
profiles from the head of the rarefaction wave to the shock wave as functions
of time, Undoubtedly numerical methods could help in answering some of these
questions supported by better experimental data. However, researchers probably
have more interesting, pressing and challenging current problems to solve and
would not be interested in the academic resolutions of old problems; yet this
is not always the case, as some recent references indicate, A few examples
will be of interest, such as the use of the shock tube for transonic-flow
testing of airfoils at high Reynolds numbers [36], the coliision of shock waves
with screens and honeycombs [37], inviscid-flow and viscous boundary-layer
interactions [38], and properties of rarefaction waves and compression waves
[39a] and their induced boundary-layer flows [39b]. Many additional examples
can be found in journals and Proceedings of the recent Shock Tube Symposia.

3. THE SECOND DECADE, 1958-1968

This period is marked by the extension of the investigations to spherical
and cylindrical-shock and blast-wave phenomena in gases and underwater., (It
should be noted that a fairly complete picture of what was known during this
period about planar flows was summarized in the portion of the Handbook of
Supersonic Aerodynamics on Shock Tubes [12], which was published in 1959, It
soon became out of print. However, photocopies were to be found in many labor-
atories worldwide and to this day, for example, on a visit to China in 1980,
it was ironic to hear it considered as the "bible" for shock-tube research —
the term being used by older researchers trained in the West.) Rather simple-
type glass diaphragms were utilized for this purpose. Nevertheless, the glass
spheres had to be blown carefully by an expert glass blower, The cylindrical
diaphragms had optical quality glass discs welded to both ends. The assembly
was held between two glass plates to ensure cylindrical flow without end-
effects [40].

Our first venture was to study the wave system generated by an exploding
pressurized glass sphere {41]. It proved to be a very fruitful avenue of
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research, Wave-speed schlieren records of the radius-time (r,t)-plane (Fig.
15) soon showed some remarkable differences with planar shock-tube flows and
also similarities, The glass diaphragm-breaking process was similar to that

of other diaphragm materials used in a shock tube, Namely, the high-pressure
driver-gas was made eddying and turbulent by the glass fragments. Nevertheless,
the blast wave soon became spherically symmetrical despite the protuberances in
the contact front (Fig. 16). As predicted by analysis {42,43] the shock wave
and the contact front decelerated and the rarefaction wave head moved at the
constant sound speed. In addition, it was clearly shown, for the first time,
how the second shock wave, formed at the tail of the rarefaction wave, imploded
on the origin and reflected. Although the reflected implosion could be seen as
a second shock following the main blast wave after the contact front in chemi-
cal explosions, the implosion phase was always obscured by the dense gases.
Similar results were obtained for cylindrical explosions [44] (Fig. 17).

Additional interesting applications involved the collision of spherical
shock waves (Figs. 18,19) [45] and underwater explosions (Fig. 20). Unfortu-
nately, glass diaphragms have a limiced pressure range in which they can be
broken. Consequently, it was not possible to study the spherical shock-wave
collision problem experimentally over an adequate range., The underwater ex-
plosions were more successful from an analytical viewoint, It was necessary
to solve the hydrodynamic shock-tube problem [46] in order to apply the appro-
priate boundary conditions at the moment of rupture and then continue with the
analysis, The agreement of the experiments with this analysis was very satis-
factory [47].

Simultaneous with the foregoing studies, the groundwork was being laid for
a nurber of important analytical and experimental investigations. The concept
of using explosive-driven implosions as drivers for shock tubes and hyper-
velocity projectile launchers was taking shape [48-50]. Some of the analytical
work was also being done during this period on the nonequilibrium expansion
flows of dissociating and ionizing argon around a sharp corner [51,52). This
was in preparation for conducting several investigations on real-gas effects
in the very excellent new shock-tube facility designed, instrumented and tested
for this purpose [53]. Concurrently, investigations were performed on magneto-
hydrodynamic flow in the boundary layer of a shock tube [54]; in a hypersonic
shock-tunnel test-section (generausly donated by the Cornell Aeronautical
Laboratory, Buffalo) which was coupled to an existing UTIAS shock tube [55,56]; :
and an initial ionization process in strong shock waves produced in hydrogen (
and helium in a unique electromagnetic~-driven implosion shock tube [57].

It is of interest to look at some of the above projects in more detail.
The explosive-driven-implosion research and development is of particular im~-
portance as it has continued until the present day. It was not only necessary
to understand the spherical combustion and detonation processes [50], but also
to develop a means of instantly and simultaneously detonating an explosive
hemispherical shell in a safe and reusable facility, Some consultation with
U.S. and Canadian explosive-research laboratories made it clear that the
current thinking was that it was not possible to detonate a solid explosive
with a gaseous detonation wave, However, we felt that not enough was known
then (nor is it known now) about the physical processes involved in the micro-
second regime during the initiation of a solid explosive and therefore the
advice from experts was put aside, A small one-dimensional facility was built |
to test the initiation of solid explosives by gaseous detonation waves [58].
Many explosives were tried (including some dangerous ones, like lead azide; I
am grateful to Dr, R, E. Duff for persuading me by telephone to immediately
desist from using such unpredictable and hazardous materials) and PETN was
found to be an excellent safe secondary-explosive to be used for making hemi-
spherical shells of explosives to be detonated by the gaseous detonation wave p
in stoichiometric hydrogen-oxygen mixtures in the reusable hemispherical driver
[59]. The implosion on reflection at the geometric centre produced a hot high- .
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t pressure plasma usetul for driving projectiles, intense shock waves, the crea-
tion of diamonds from graphite and producing fusion plasmas in deuterium. This
work will be discussed subsequently in more detail,

‘ The explosive-driven implosion chamber used as a driver for projectiles and
’ shock tubes is shown in Fig. 21. A great deal of analytical, design and exper-
‘ imental work was done to predict and verify its performance [60-65]. Although
plans were made to build a much larger launcher (from a 5 mm barrel to a 25 mm
barrel; from a 100-mm radius hemispherical cavity to a 300-mm radius cavity;
from a few hundred-gram PETN-shell to one of many kilograms), it was soon found
on the smaller-scale model that there were no projectile materials available
that could withstand the enormous plasma base-pressures and temperatures devel-
oped after reflection of an implosion. Consequently, even though very high
velocities (20 km/s) were predicted analytically, no more than 5.4 km/s was
actually obtained for an 8-mm dia lexan projectile weighing 0.36g [66]. It is
| possible that such problems would not have existed on the projected full-scale
launcher. Nevertheless, the very high cost of producing such a large facility,
| coupled with several uncertainties such as projectile integrity, the large
| amounts of explosive to be used, consistent focussing of the implosions and
safety aspects associated with a facility of this size discouraged its con-
struction.

,}

\ ~ It is also worth noting that an alternative scheme for producing explosive-
’ driven implosions was tried by directly initiating a 5-mm thick sheet explo-

b sive hemispherical shell by using 91 explosive detonators, This meant that

} all detonators had to fire within a jitter of two or three microseconds — a

i formidable task. The method did not prove successful and had to be abandoned

\ ‘ [67].

In order to prepare for the interferometric studies of nonequilibrium
corner-expansion flows of dissociating oxygen and nitrogen, as well as ionizing
argon, it became necessary to determine the refractivities of the component
gases in the mixtures [68-70]. This was done successfully with considerable
accuracy in the 10cm x 18cm hypervelocity shock tube by means of the 23-cm dia
Mach-Zehnder interferometer. Additional analytical work was also done on such
flows with coupled vibrational-dissociational nonequilibrium [71]. An initial
investigation on dissociating-oxygen corner-flow did not prove to be definitive
in its comparison with analysis [72] and therefore would require additional

study, “

Some preliminary research was also done on oblique shock-wave reflections
at a sharp compressive corner and shock-wave diffraction over a sharp expansive
corner [73], In subsequent years this area of investigation was to lead to
some important studies with significant results.

Interest was also aroused by the possibility of flying a micrometeoroid-
impact gauge designed by NASA on one of NASA's or Canada's rocket experiments.
This area of research was at that time of much importance. The safety of
astronauts and spacecraft under bombardment from micrometeoroid particles
travelling at the escape velocity from earth (11 km/s) up to the escape velo-
city from the solar system (73 km/s) was still an unsettled question, The .
gauge was calibrated by dropping glass microspheres under gravity and in a -
shock-tube flow [74] seeded with the same glass spheres as well as one-micron ’
particles charged electrostatically [75] and accelerated to 7 km/s at the NASA 'ﬁ
Goddard Space Flight Center. This gauge was not flown on one of the rocket
experiments owing to lack of funds and personnel.

4, THE THIRD DECADE, 1968-1978

This decade is marked by efforts to experimentally observe (Fig., 22) and
measure actual and physical properties [76] of the focus of combustion and
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explosive-driven implosions and to compare them with analytical predictions
[77]. Temperatures were measured spectroscopically for combustion runs only
[76], and projectile base-pressures were inferred from microwave measurements
of the projectile velocity in the launcher barrel ({78]. Spectroscopic temper-
ature and pressure measurements [79,80] were reasonably successful and were
improved on subsequently, ’

An important step was taken to apply the explosive-driven implosions as
drivers for shock tubes [81]. A 25-mm shock-tube channel was used instead of
a launcher barrel [82]. This proved to be a very worthwhile method of produc-
ing very strong shock waves (20 km/s) in air [83] (Fig. 23). It also led to
the explanation of some anomalous radiation effects in the shock fronts [84]
(Fig. 24), which until then defied a reasonably physical interpretation. (One
of the reviewers of our paper in complimenting our work noted that this proper
explanation had waited for several years and urged us to change our research
note to a full paper.) Although this was a very useful driver, far more im-
pressive electrical drivers were developed at JPL [85] and NASA Ames [86].
This made it possible to obtain at JPL shock-wave velocities of 45 km/s, with
little attenuation in a 15 cm dia channel with a 4 us test-time. Concurreatly,
an explosive (Voitenko) driver developed at NASA Ames [87], using 30 kg of
explosive (about 300-fold greater than the explosive-driven implosion shock
tube at UTIAS) yielded velocities of 70-67 km/s in a 3cm x 3.lm long glass
tube over a distance of 1 meter in one of the runs (about 3-fold greater than
at UTIAS). These experiments had to be done at the Lawrence Radiation Labora-
tory explosive test site, where the facility was destroyed after each run
(except for the instrumentation). This is probably the highest shock-wave
velocity obtained, with a modest attenuation, and some test time useful for
Jovian entry studies. It should be noted that all of these facilities used
very low (0.05 torr ~ 2 torr) channel gas pressures.

Another very important application of the UTIAS Explosive-Driven Implosion
Driver was in the.production of synthetic diamonds from graphite. By placing
graphite in a steel capsule and exposing it to a focussed-implosion and its
reflection, thereby generating enormous pressures (megabar range) and temper-
atures (millions of degrees), the attenuated transmitted shock-wave pressures
and temperatures were sufficient to create the phase transition. Industrial-
type diamonds of 10-20 um were produced with a yield of about 5-10% of the
original graphite [88]. Although such diamonds had been produced statically
and dynamically before, this technique was quite novel and promising for the
manufacture of new materials and in the application to problems in solid-state
physics.

The process was transferred to 3M Canada Ltd., as it was felt that it could
best be developed by an industrial firm with much experience in related areas.
As a result a fairly large group was set up by 3M at UTIAS to further develop
and extend the work on the production of industrial diamonds. The success of
this initial work (diamonds were produced in the first experiment) ([88], led
to the concept of using the explosive-driven implosions to produce fusion
plasmas and neutrons from deuterium-deuterium reactions. Further consideration
will be given to the implosion research in the final section,

This period was also productive in analytical and experimental studies of
ionizing-argon flows. Definitive interferometric investigations were made of
the shock structure of ionizing argon and krypton at nominal shock Mach numbers
of 13 and 16 [70,89,90], It was found that the shock wave developed nonsta-
tionary oscillations (Fig. 25) at the higher Mach numbers (> 14). The oscilla-
tions were easily removed by adding small amounts of hydrogen (v 0.5% of the
initial pressure), with the consequent reduction of the overall transition
length to about one-third of its pure-gas value, The total plasma density and
electron-density profiles for pure argon (Fig. 26) and with small amounts of
hydrogen added as an impurity, agreed well with analysis. Two questions
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remain unanswered to this day: precisely why only a hydrogen impurity removes
the oscillations and why the electron cascade-front, where equilibrium ioniza-
tion occurs, moves towards the translational front as it approaches the wall
(Fig. 27). Some analytical work has recently appeared, which attempts to
explain this phenomenon [91].

| At the same time the laminar shock-tube wall-boundary layer (Fig. 28) and
| the flat-plate boundary-layer flow (Fig. 29) in the quasi-steady region was
studied in ionizing argon analytically and interferometrically for the same
shock Mach numbers as the shock structure [92-95]. (It is worth noting that a
wall-boundary-layer study at low shock Mach numbers in air had been done many
years earlier [96] using the same Mach-Zehnder interferometer with a smaller
rectangular shock tube.) It was shown that the wall boundary layer had a
profound effect on the shock structure. The smaller the tube hydraulic-diam-
eter the thinner was the shock structure (Fig. 30). This result is of impor-
tance when comparing experimentally-measured shock structure with analysis.
The properties of both types of boundary layers were compared analytically and
experimentally, There certainly are differences between them. A difficulty
with any experimental technique is to probe the boundary layer near the wall.
Nevertheless, total plasma density and electron-number densities were obtained
up to 0,1 mn from the wail, The shock-structure wall-boundary-layer inter-
action did not appear to affect the flat-plate boundary layer too much at
v lower shock Mach numbers (v 13). However at higher Mach numbers (v 16) radia-
tion losses induced nonuniformities at a given test-section station [95].
t Additional analysis should be done on this aspect of the investigation.

Another important area of ionizing-argon flows was the investigation of a

‘ quasi-steady corner-expansion [97]. The results agreed reasonably well with
an earlier analysis [52c], which was later extended to include radiation
losses [98]. Apparently, radiation losses were not too important at the lower ‘
shock Mach numbers (where the experimental data was obtained) to affect the

4 corner-expansion, As noted earlier, at higher shock Mach numbers, radiation
effects are quite significant and would affect such flows, Further analytical

' work should be done to settle this question,

A number of analytical and experimental investigations were started on
‘ condensation of water vapour cooled by nonstationary rarefaction waves in a
shock tube [99-101]. Although the initial work was started in the Fifties in -
order to see if indeed condensation shock waves do appear in rarefaction waves ‘
, (Fig. 31), it was not until the Seventies that it was shown analytically
b - (using the method of characteristics) that such waves must occur as a result
g of the release of the latent heat of condensation [99]. The experimental
pressure profiles [101] could be explained on either the analytical basis of
homogeneous [99] or heterogeneous [100] nucleation. Which model is correct
will have to await a future experimental decision. Unfortunately, this inter-
; esting work had to be terminated owing to insufficient financial support. It
l is also worth noting that in the Seventies a number of excellent facilities
such as the wave-interaction tube [11], the shock sphere [40] and a new hyper-
! sonic shock tunnel [102] had to be abandoned owing to a lack of funding in
A - these areas of research,

This period also saw a continuation of the research on oblique shock-wave
reflections, which culminated in some significant results. The work initially
dealt with a number of considerations of real-gas effects [103], It was later ’
extended to solve once and for all the problem of: given a sharp compressive
corner of angle Oy in a shock-tube channel at specified initial conditions,
vwhat type of reflection will occur when it is hit by a plane shock wave at a
: . specified Mach number Mg? Investigators from a number of countries had tackled
ViAo 1 this problem since the Forties with only partial success, It was finally
PN ’ solved and verified interferometrically at UTIAS for diatomic [104] and mona-
tomic gases [105]. It was shown that in the (Mg, 6y)-plane four types of
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reflections (regular, single Mach, complex Mach and double Mach) can occur,
The regions and their transition boundaries were determined analytically for
perfect and imperfect gases including the effects of equilibrium vibration,
dissociation and ionization., Recently, it was found that our interferometric
results and the optical data from many other researchers agree best with a
perfect-gas analysis as far as the various regions and their transition boun-
daries are concerned. However, real-gas effects become important immediately
after the viscous shock waves. Consequently, some areas bounded by the inci-
dent, reflected and Mach-stem shock waves ray be in nonequilibrium or may
achieve equilibrium depending on the various relaxation times. Therefore, in
analysing the flow isolines, real-gas effects including rate equations must be
considered,

The experimental lines of constant-density (isopycnics) (Fig. 32) showed
that despite the many developments in computational methods, all were not
capable of accurately predicting the isopycnics of such nonstationary flows
{106]. This is now being addressed by a number of computational centres with
increasing accuracy [107,108]., Numerical data can now be compared with the
available interferometric data for monatomic, diatomic [104-106] and triatomic
{125] gases.

It can be expected that more novel and accurate computaticnal methods will
evolve in the near future. Such results would be of much assistance to the
experimenter in interpreting his optical data not only in the laboratory but
in field trials of spherical blast waves. Numerical time-dependent solutions
for such problems are yet to be achieved. Once computer codes are verified
experimentally, they can produce far more data on physical quantities than it
is possible to measure.

In the late Sixties the supersonic transport (SST) became controversial
for a number of reasons. Their possible injurious effects on humans, animals
and structures were important considerations for Canada, if overflight laws
were to be enacted based on facts. Therefore, a number of Canadian establish-
ments and the University of Toronto contributed to the construction of two
simulators: a travelling-wave sonic-boom facility and a loudspeaker-driven
booth [109], A great deal of research was conducted in the areas of psycho-
acoustics, human response, effects on animals, structural response and gas-
dynamic analyses [110-117]. Basically, no effects on humans when subjected to
sonic booms similar to SST's were observed as far as heart rate changes, tem-
porary threshold shifts and while driving an arduous automobile course. The
structural effects on "aged" panels also were found to be negligible. However,
small animals like mice, guinea pigs, chinchillas and Rhesus monkeys did tend
to suffer physical damage at the basal turn of the cochlea in the form of
bleeding which was absorbed in time (or destroyed hair cells). Sonic-boom
rise-time, overpressure-amplitude and frequency of exposure were all important
factors affecting the bleeding. However, the scaling laws from small animals
to humans are unknown. Nevertheless, caution should be exercised against
excessive exposure to superbooms,

Since human-startle effects increase with decreasing sonic-boom risetime
[118], the question arose why actual sonic booms produced by SST's can be 100
to 1000-fold greater than predicted by planar shock wave analysis, Atmospheric
turbulence [119], temperature gradients near the ground, microphone-response
limitations and vibrational excitation [120] of the oxygen and nitrogen com-
ponents of air were all blamed. Consequently, this problem was investigated
experimentally using exploding sparks and wires [121]. It now appears that
vibrational excitation of oxygen can give rise to extended shock-wave transi-
tions at low overpressures (about one-tenth the usual sonic-boom value of 100
Pascals). Small-scale turbulence would not be significant, However, large
eddies of the size of the aircraft might well give rise to rounded booms with
large risetimes or spiked booms with short risetimes., Both types are observed
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during any overflight past an array of microphones at different altitudes or
on the ground.

S. THE FOURTH DECADE, 1978-

Some of the problems discussed in the previous section are being continued
and extended., New research is being initiated and conducted in new or forth-
coming facilities, The following research areas are being pursued a: the
present time: implosion-wave dynamics, oblique shock-wave reflections, sonic-
boom effects and the new areas of turbulent, swirling, combusting flows
(although this does not deal with shock-tube flows, it deserves to be men-
tioned) and shock waves in dusty gases.

Three aspects of implosion-wave dynamics are of importance, including
the spectroscopic measurements of temperature at an implosion focus, which is
produced by combustion or with explosives, and the application of the Random-
Choice Method [122] to analyse the experimental results, This topic will be
presented as a separate paper at this Symposium [123]. Consequently, it will
not be dealt with here., The application of explosive-driven implosions to the
production of industrial diamonds and other new materials is very active. An
improved facility has been built for this purpose which eliminates a good deal
of physical labour through mechanization (Fig. 33). The horizontal position
of the flat face of the hemisphere during a run has greatly improved the
frequency of excellent focussing. The measurement of physical quantities
using manganin-wire pressure gauges, X-ray diffraction, electron diffraction
and photomicrographs have all proved to be very useful (Fig. 34). A model is
being developed to explain how dynamic transitions from graphitc to diamond
can take place in the submicrosecond regime [124]. Additional soiid-state
problems will be investigated in the oncoming years. ' ‘

The use of explosive-driven implosions to produce fusion has not been easy
mainly due to a lack of financial support and trained personnel. Nevertheless,
neutrons and y-rays have been generated from D-D reactions at the focus in
runs of 54-atm stoichiometric deuterium-oxygen (2D,+0,) and about 100-g PETN-
explosive shells (Fig. 35). Similar results have also been obtained by
placing a small hemispherical capsule containing 1.2 atm of pure deuterium
covered by a metal diaphragm at the implosion focus (similar to a Voitenko
compressor [87]). Experts in the field were skeptical if we would obtain N
neutrons with so little explosive energy. Our prospects for improving this
work and to measure the neutron flux and other radiation properties are not .
good without adequate financial support. Yet, our ideas have proved to be
sound and they await further developments,

The research on oblique shock-wave reflections in monatomic and diatomic
gases has been successfully applied to a triatomic gas such as carbon-dioxide
[125a], which is already substantially excited at room temperature. Yet, the
numerous experiments all agree with the (Mg, 6w}-plot for a perfect gas with
vy = 1,29 (Figs. 36, 37). Consequently, the shock-wave-reflection process
behaves as if the specific heats were frozen in front and immediately behind
the shock waves, The flow regions bounded by the shock waves will be in non-
equilibrium and if the flow times are long enough equilibrium will finally be
attained. The results do not fit the complete vibrational-dissociational-
equilibrium model nor any other partial equilibrium model [125a]. The research
is being continued in air [125b], The early dissociation of oxygen with in-
creasing shock strength compared to nitrogen adds some interesting aspects to
this problem (Fig, 38). 1t is, of course, of most interest to experimenters
conducting spherical-blast investigations in the field.

It has now been found that some small animals suffer significant hearing
impairment (in the entire range or in some part of the high-frequency range)
after the blood clots in the cochlea have been absorbed., Since their hearing
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range far exceeds that of man (mice hear up to 100 kHz), it is at present not
known whether humans also suffer losses and for how long at high frequencies
(< 20 kHz) when chronically exposed to sonic booms [126]. This question will
be investigated in the near future.

It now appears that the excellent N-waves produced by exploding wires may
not be able to exactly simulate SST sonic booms. The Random-Choice Method has
been successfully applied to solve this problem by modelling the exploding wire
or spark by a blast from a small pressurized sphere. Since this method does
not introduce an artificial viscosity it is possible to solve the spherical
shock-wave transition, It is thinner than the equivalent plane-wave profile
solved by G, I. Taylor. Since this subject is also being presented as a
separate paper [127] at this symposium no further details will be given, The
work on the structural response of a wood-plaster room subject to sonic boom
and its subsequent crack-propagation properties has been completed and is
being presented as a separate paper at this symposium [128]., The agreement
between pressure and strain measurements and analysis was very good. The
agreement of the finite-element crack-propagation analysis and (of necessity)
one decisive experiment was very satisfactory. The problem of the pressures
generated in two interconnecting rooms by a sonic boom is now being investigat-
ed analytically and experimentally.

The design of thermally efficient combustors with a minimum of pollutants
for jet engines and home furnaces is a very important field of research in
view of our dwindling fossil fuels. Such flows are usually turbulent, swirling
and chemically reacting, It is a difficult problem to model analytically [129].
In order to verify such analysis, it is important to measure the turbulence
quantities of the flow, This can be done using laser-Doppler velocimetry. It
can also be applied to measure fuel-droplet size and distribution. Such a
facility has now been developed and will shortly be applied to verify the
analytical work [129]. Hypersonic combustion is another area of interest
{130-132] and will be continued if financial support is made possible.

The structure of moving shock waves in dusty air is of considerable
interest, For this purpose the analysis of a dusty-gas shock tube has been
completely investigated using the Random-Choice Method [133]. The nonequili-
brium-flow profiles from the head of the rarefaction wave to the frozen shock
wave were computed, including the shock-front and the contact-front transi-
tions (Fig. 39). Working curves were determined for frozen and equilibrium
shock transitions as functions of the initial conditions, dust concentration
and diaphragm-pressure ratio. The regions where only dispersesd shock waves
eventually occur have also been found (Fig. 40). A new 7.6cm x 20cm shock
tube is under construction to validate the analysis and to conduct many new
experiments of current interest to the researcher in the laboratory or on
field trials,

6. CONCLUSIONS

This brief survey of research on shock tubes and waves at UTIAS over the
past 33 years has attempted to give some insight into a unique experience.
It is doubtful if any other laboratory has been engagad in this ever-changing
field, continuously, over such a lengthy period. A lot of good research and
development work was done in a number of specially conceived facilities. It
has led to the training of many Ph.D. and Masters graduates, visiting scien-
tists and academics. Numerous UTIAS reports and journal papers were published.
The present 1list of references is by no means complete. Our work over the
years has attempted to add to and enlarge mankind's store of scientific and
engineering knowledge. The outlook for the future is bright, There are
excellent young people at UTIAS to take over and continue this important work
on shock tubes and waves for many years to come,
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NOTE

Owing to a lack of space it was not possible to include the 40 figures.
These may be found in UTIAS Review No. 45, 1981,
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PREFACE

This volume contains six invited papers and ninety two contributed papers presented at the
XHI International Symposium on Shock Tubes and Waves, which was held in Niagara Falls, N.Y .,
July 6 -9, 1981. Professor I.I. Glass of the University of Toronto presented the Paul Vieille
Memorial Lecture. This paper and five other invited papers form Part I of the Proceedings. The
contributed papers are presented in Parts II through VII, divided according to subject matter. The
typical broad range of interests associated with shock waves is demonstrated in both the invited
and contributed papers, with subject material covering viscous aerodynamics, explosions, chemis-
try, optics, and energy<elated processes. It is intended that this volume provide an up-to-date
accounting of international progress in these fields insofar as shock-wave phenomena are involved.

The abstracts contributed to this symposium were reviewed and categorized by the Executive
Committee and subsequently evaluated by members of the Advisory Committee. On the basis
of these reviews, the Executive Committee made the final decisions on paper acceptance. Two
hundred participants from seventeen countries were welcomed at the opening session by Profes-
sor George C. Lee, Dean of Engineering and Applied Sciences at the State University of New
York at Buffalo, Dr. H. Robert Leland, General Manager of Calspan Advanced Technology
Center, and the Honorable Michael O’Laughlin, Mayor of Niagara Falls. Professor Charles H.V.
Ebert, from the Department of Geography at SUNYAB, addressed the participants after the
symposium banquet on the timely subject “Mountains of Fire: The Nature of Volcanoes.” At
the farewell gathering a narrated movie of the first flight (April 1981) of the space shuttle
Columbia was shown, provided by Rockwell International Corporation.

Like its predecessors, the XIII International Symposium on Shock Tubes and Waves has been
sponsored by the U.S. AIR FORCE OFFICE OF SCIENTIFIC RESEARCH. Their support and

interest is warmly appreciated by all the participants. p/?é yﬂ__ f / ’é“' 000& .

The members of the Executive Committee wish to express their gratitude to their organiza-
tions, the Calspan Advanced Technology Center and the State University of New York at
Buffalo, for their support during the two years of preparation for this meeting. The cooperative
efforts of many members of the staff of both organizations are gratefully acknowledged. We
especially wish to thank Mrs. Doris Jackson, Mrs. Jann Thomas and Mrs. Bonnie Boskat for their
contributions in the organization of the symposium and publication of these proceedings.

CHARLES E. TREANOR
J. GORDON HALL

N A R

|



2

EXECUTIVE COMMITTEE

Charles E. Treanor (Chairman)
J. Gordon Hall

George Rudinger

Paul V. Marrone

William J. Rae

Anthony L. Russo

Walter H, Wurster

INTERNATIONAL ADVISORY COMMITTEE

B. Ahlborn, Canada R. Nicholls, Canada

D. Baganoff, USA H. Oguchi, Japan

S. Bauer, USA A. Oppenheim, USA

T. Bazhenova, USSR H. Palmer, USA

D. Bershader, USA S. Penner, USA

W. Cook, USA L. Presley, USA

R. Dannenberg, USA H. Reichenbach, Germany

L. Dumitrescu, Rumania M. Rogers, USA
R. Emrich, USA J. Rom, Israel
C. Ferrari, Italy D. Russell, USA

W. Fiszdon, Poland
R. Fowler, USA

K. Fukuda, Japan

1. Glass, Canada

W. Griffith, USA

A. Hertzberg, USA
H. Homung, Germany
I. Hurle, England

A. Kantrowitz, USA
A. Lifshitz, Israel

H. Mirels, USA

R. Narasimha, Japan
R. Neumann, USA

P. Savic, Canada

F. Schultz-Grunow, Germany
R. Sedney, USA

G. Skinner, USA

M. Slack, USA

R. Soloukhin, USSR
R. Stalker, Australia
J. Stollery, England
B. Sturtevant, USA
J. Valensi, France

J. Wendt, Belgium

J. Whitfield, USA

SPONSOR
The U.S. Air Force Office of Scientific Research

TECHNICAL ENDORSEMENT

The American Physical Society
The American Institute of Aeronautics and Astronautics
The American Society of Mechanical Engineers

LOCAL INDUSTRIAL SUPPORT

Bell Aerospace Textron
Bethlehem Steel Corporation
Sierra Research Corporation

mmmﬁhh




CONTENTS

Part I Plenary Lectures

Paul Vieille Memorial Lecture: BEYOND THREE DECADES OF CONTINUOUS
RESEARCH AT UTIAS ON SHOCK TUBES AND WAVES
LI Glass

REVIEW OF SHOCK TUBE AND SHOCK TUNNEL ADVANCEMENTS AT NAL
K. Soga and 1. Wada

CURRENT STUDIES AT CALSPAN UTILIZING SHORT-DURATION FLOW
TECHNIQUES
‘ M.G. Dunn

SHOCK-INDUCED FLOW SEPARATION AND THE ORBITER THERMAL
! PROTECTION SYSTEM
‘ S-A. Waiter

‘ CHEMICAL KINETICS STUDIED BY VACUUM-UV SPECTROSCOPY IN SHOCK
TUBES
‘ Th. Just
BLAST WAVES GENERATED BY ACCIDENTAL EXPLOSIONS
R.A. Strehlow

Part I, Facilities, Techniques and Experiments

A SHOCK TUBE DRIVER WITH A “CYCLONE” SEPARATOR
R.J. Stalker and R.P. French

A NEW, DIAPHRAGMLESS, FLEXIBLE, LUMINOUS SHOCK TUBE
Y.W. Kim

A POWDER-INJECTION SHOCK-TUBE FACILITY
M.W.P. Cann, J.B. Shin and R.W. Nicholls

THE TESTING IN BIA HYPERSONIC GUN TUNNEL
F.G. Zhuang, M.X. Zhao, B.P. He and X.J. Xu

AN APPLICATION OF THE MOLECULAR BEAM TIME-OF-FLIGHT
TECHNIQUE TO MEASUREMENTS OF THERMAL BOUNDARY LAYER
EFFECTS ON MASS SAMPLING FROM A SHOCK TUBE

K. Teshima, N. Takahashi and M. Deguchi

21

32

41

54

69

81

89

98

107

116




- -

MEASUREMENT OF DYNAMIC PRESSURE IN SHOCK TUBE BY STREAK
PHOTOGRAPHY
J.H. Owren and R.E. Dannenberg

MEASUREMENT OF TEMPERATURES IN A SHOCK TUBE BY COHERENT
ANTISTOKES RAMAN SPECTROSCOPY (CARS)
K. Knapp and F.J. Hindelang

TEMPERATURE MEASUREMENT OF DETONATION USING UV-ABSORPTION
OF 0,
T. Tsuboi, M. Egawa, H. Kobayashi, T. Hirose, M. Kamei and Y. Teranaka

A LASER-INTERFEROMETRIC TRAJECTORY-FOLLOWING SYSTEM FOR
DETERMINING FORCES ON FREELY FLYING MODELS IN A
SHOCK-TUNNEL

L. Bernstein and G.T. Stott

SHOCK TUBE SIMULATION OF PULSED FLOW AERODYNAMIC WINDOWS
V.A. Kulkarny, J. Shwartz, and R.A. Briones

VELOCITY MEASUREMENTS OF INCIDENT AND REFLECTED SHOCK
WAVES IN VARIOUS GASES AND IN SATURATED WATER VAPOUR
W. Garen, K. Brudi and G. Lensch

INVESTIGATION OF THE DISTORTION OF SHOCK-FRONTS IN REAL GASES
A.F.P. Houwing, H.G. Hornung and R.J. Sandeman

MEASUREMENT AND CALCULATION OF SHOCK ATTENUATION IN A
CHANNEL WITH PERFORATED WALLS
W. Merzkirch and W. Erdmann

HIGH-ENERGY AIR SHOCK STUDY IN A STEEL PIPE
H.D. Glenn, H.R. Kratz, D.D. Keough and R.P. Swift

OPTICAL STUDIES OF SHOCK GENERATED TRANSIENT SUPERSONIC
BASE FLOWS
P-Y Liang, D. Bershader and A. Wray

AMPLIFICATION OF NON-LINEAR STANDING WAVES IN A CYLINDRICAL
CAVITY WITH VARYING CROSS SECTION
E. Brocher and M. Elaouazi

CYCLIC WAVE ACTION IN THE STABLE OPERATION OF A HARTMANN-
SPRENGER TUBE
J. Iwamoto and B.E.L. Deckker

Part III. Boundary Layers and Heat Transfer

SOME FUNDAMENTAL ASPECTS OF SHOCK WAVE — TURBULENT BOUNDARY
INTERACTIONS IN TRANSONIC FLOW
G.R. Inger

HEATING-RATE MEASUREMENTS OVER 30° AND 40° (HALF-ANGLE) BLUNT
CONES IN AIR AND HELIUM IN THE LANGLEY EXPANSION TUBE
FACILITY

N.M. Reddy

(tv]

124

132

141

150

159

167

176

185

191

209

216

227

235



RS

i€y i

Lk o ook Al

SHOCK INDUCED UNSTEADY FLAT PLATE BOUNDARY LAYERS AND
TRANSITIONS
M. Matsushita, T. Akamatsu and K. Fujimura 244

THE BOUNDARY LAYER BEHIND A SHOCK WAVE INCIDENT ON A
LEADING EDGE
B.E.L. Deckker 253

REAL GAS AND WALL ROUGHNESS EFFECTS ON THE BIFURCATION OF THE
SHOCK REFLECTED FROM THE END WALL OF A TUBE
J.R. Taylor and H.G. Hornung 262

DETERMINATION OF SHOCK TUBE BOUNDARY LAYER PARAMETER
UTILIZING FLOW MARKING

Th. Reese, F. Demmig and W. Botticher 271
STABILITY LIMITS AND TRANSITION TIMES OF WAVE-INDUCED WALL

BOUNDARY LAYERS
Y .M. Amr and J.G. Hall 280

AN ACCURATE DETERMINATION OF THE THERMAL CONDUCTIVITY OF
ARGON AT HIGH TEMPERATURES
A. Hirschberg, P.J. Vrugt, J.F.H. Willems and M.E.H. van Dongen 289

THERMAL CONDUCTIVITY MEASUREMENT IN HIGH TEMPERATURE ARGON
BY THE SHOCK PERTURBATION AND MACH REFLECTION METHODS

A. Cavero, K. Chung and H.N. Powell 297
TEMPERATURE MEASUREMENTS OF AN IMPLOSION FOCUS
T. Saito, A.K. Kudian and L.I. Glass 307

Part IV, Shock Structure and Propagation

BOUNDARY LAYER INFLUENCED SHOCK STRUCTURE
F. Seiler 317

INFLUENCE OF SURFACE ROUGHNESS ON THE SHOCK TRANSITION IN
QUASI-STATIONARY AND TRULY NON-STATIONARY FLOWS
K. Takayama, J. Gotoh and G. Ben-Dor 326

MICROSCOPIC STRUCTURE OF THE MACH-TYPE REFLECTION OF WEAK
SHOCK WAVES

Z.A. Walenta 335

WEAK SPHERICAL SHOCK-WAVE TRANSITIONS OF N-WAVES IN AIR WITH
VIBRATIONAL EXCITATION

H. Honma, LI. Glass, O. Holst-Jensen and Y. Tsumita 342

GENERATION OF THE PATTERNS IN GASEOUS DETONATIONS

F. Schultz-Grunow 352

EVOLUTION OF SHOCK-INDUCED PRESSURE ON A FLAT-FACE/FLAT-BASE
BODY AND AFTERBODY FLOW SEPARATION
K.K. Yoshikawa and A.A. Wray 358

(vl



v e B GE WIS OW © wrer oy,

SHOCK STRENGTH MODIFICATION FOR REDUCED HEAT TRANSFER TO
LIFTING RE-ENTRY VEHICLES
L.H. Townend and R.A. East

SHOCK CAPTURING USING FLUX-CORRECTED TRANSPORT ALGORITHMS
WITH ADAPTIVE GRIDDING
M. Fry, J. Tittsworth, A. Kuhl, D. Book, J. Boris and M. Picone

CYLINDRICAL RESONATORS
R.A. Neemeh, J.H.T. Wu and M.N. Elabdin

PROPAGATION OF SHOCK WAVES THROUGH NONUNIFORM AND RANDOM
MEDIA
B. Sturtevant, L. Hesselink, B.S. White, V.Kulkarny and C. Catherasoo

SHOCK WAVE DIFFRACTION AT A SHARP EDGE AND THE EFFECT OF BAFFLES

IN A SHOCK TUBE
JM.R. Graham and R. Hillier

PROPAGATION OF TWQO-DIMENSIONAL NONSTEADY DETONATION IN A
CHANNEL WITH BACKWARD-FACING STEP
T. Sugimura, S. Taki and T. Fujiwara

THE BLAST-NOISE ENVIRONMENT OF RECOILLESS RIFLES
D. Gladstone and E.G. Plett

Part V. Chemical Kinetics and Optics

SHOCK-EXCITED EMISSION SPECTRUM OF TUNGSTEN OXIDE
J.B. Shin, M.W.P. Cann and R.W. Nicholls

ROTATIONAL NONEQUILIBRIUM INFLUENCES IN CW HF/DF CHEMICAL
LASERS
S.W. Zelazny, W.L. Rushmore, J.W. Raymonda, and M. Subbiah and L.H. Sentman

HIGH GAIN CO CHEMICAL LASER PRODUCED IN A SHOCK TUNNEL
M. Tilleman and J. Stricker

SHOCK/LUDWIEG-TUBE DRIVEN HF LASER
D.A. Russell and G.W. Butler

DETERMINATION OF ABSORPTION COEFFICIENTS IN SHOCK HEATED
PROPELLANT MIXTURES FOR LASER-HEATED ROCKET THRUSTERS
R.H. Krech and E.R. Pugh

SUPERSONIC FLOW E-BEAM STABILIZED DISCHARGE EXCIMER LASERS
B. Forestier and B. Fontaine

FLUID-DYNAMICAL ASPECTS OF LASER-METAL INTERACTION
M. Cantello, R. Menin, V. Donati, L. Garifo, A.V. La Rocca and M. Onorato

SHOCKFRONTS AS MODEL TARGETS IN LASER-PLASMA INTERACTION
EXPERIMENTS
P. Kolodner and E. Yablonovitch

EXPERIMENTAL STUDY ON THE IONIZATION OF ARGON GAS IN A
NON-EQUILIBRIUM STATE BEHIND REFLECTED SHOCK WAVES
K. Terao, M. Hozaka and H. Kaitoh

(vi]

367

376

385

392

402

411

420

431

438

447

454

462

470

479

486

495




NEW EXPERIMENTAL RESULTS UPON IONIZATIONAL RELAXATION OF
A SHOCK HEATED XENON PLASMA
P. Valentin, Cl. Thenard and P. Maillot 504

NUMBER DENSITY OF THE 5s STATES DURING THE IONISATION
RELAXATION OF SHOCK HEATED KRYPTON
Th. Zaengel and W. Botticher 510

COLLISIONAL EXCITATION AND IONISATION OF NO BEHIND SHOCK WAVES
H.P. Richarz, A.E. Beylich and H. Gronig 519

THE INVESTIGATION OF IONIZATION PHENOMENA IN A 800 MM SHOCK-TUBE
N. Zhu and X. Li 528

STUDIES OF THE VIBRATIONAL RELAXATION OF DIATOMIC MOLECULES IN
A SHOCK HEATED MOLECULAR BEAM AND ITS APPLICATION TO IONIZATION
BY ELECTRON IMPACT
B. Evans, S. Ono, R.M. Hobson, S. Teii, A.W. Yau and J-S. Chang 535

DISCHARGE FLOW/SHOCK TUBE STUDIES OF SINGLET OXYGEN
P. Borrell, P.M. Borrell, M.D. Pedley, K.R. Grant and R. Boodaghians 543

1 ROTATIONAL RELAXATION OF HZ IN NOZZLE FLOW
’ Y. Matsumoto, H. Matsui and T. Asaba 552

VIBRATIONAL RELAXATION OF POLYATOMIC MOLECULES IN GAS MIXTURES
H. Teitelbaum 560

IN POLYATOMIC MOLECULES
4 x M. Tyaga Raju, S.V. Babu, Y.V.C. Rao and V. Subba Rao 570

' f ‘ CO + O CHEMILUMINESCENCE: RATE COEFFICIENT AND SPECTRAL

I VIBRATIONAL RELAXATION AND DISSOCIATION RATE MEASUREMENTS l

DISTRIBUTION
A. Grillo and M. Slack 576

RESONANCE ABSORPTION MEASUREMENTS OF ATOM CONCENTRATIONS
IN REACTING GAS MIXTURES. 9. MEASUREMENTS OF O ATOMS IN
OXIDATION OF Hy AND D,
K.M. Pamidimukkala and G.B. Skinner 585

DIRECT MEASUREMENTS OF O-ATOM REACTIONS WITH HCN AND C,H,
BEHIND SHOCK WAVES
P. Roth and R. Lohr 593

THE EFFECT OF MINUTE QUANTITIES OF IMPURITIES ON SHOCK TUBE
KINETICS. THE REACTION Hj + D = 2HD
A. Lifshitz, M. Bidani and H.F. Carroll 602

MOLECULAR BEAM TECHNIQUE FOR RECORDING CHEMICAL SPECIES BEHIND
INCIDENT SHOCK WAVES
St. Armndt and A. Frohn 610

SHOCK TUBE STUDY OF THE THERMAL DECOMPOSITION OF HYDROGEN
CYANIDE
A. Szekely, R.K. Hanson and C.T. Bowman 617

DECOMPOSITION OF HYDROGEN AZIDE IN SHOCK WAVES
G. Dupré, C. Paillard, J. Combourieu, N.A. Fomin and R.I. Soloukhin 626

{vi)




Part VI. Two Phase Flow and Condensation

THE RELAXATION ZONE BEHIND NORMAL SHOCK WAVES IN A REACTING
DUSTY GAS. PART 1. MONATOMIC GASES
G. Ben-Dor and O. Igra

SHOCK WAVE STRUCTURE IN GAS-PARTICLE MIXTURES AT LOW MACH
NUMBERS
G. Konig and A. Frohn

CROSS-SECTIONAL CONCENTRATION OF PARTICLES DURING SHOCK PROCESS

PROPAGATING THROUGH A GAS-PARTICLE MIXTURE IN A SHOCK TUBE
E. Outa, K. Tajima and S. Suzuki

MOTION OF SMALL PARTICLES IN A FIELD OF OSCILLATING SHOCK WAVES

G. Rudinger, K.H. Chou and D.T. Shaw

SHOCK TUBE MEASUREMENTS OF IR RADIATION IN HOT GAS/PARTICLE
MIXTURES
V.S Calia, W. Konopka, R.A. Reed and R.A. Oman

STUDY OF BINARY NUCLEATION IN A LUDWIEG TUBE
R.A. Zahoransky and S.L.K. Wittig

INVESTIGATIONS OF HOMOGENEOUS NUCLEATION IN Fe, Si, Fe/Si, FeO,, AND

SiO, VAPORS AND THEIR SUBSEQUENT CONDENSATION
J.R. Stephens and S.H. Bauer

CONDENSATION KINETICS OF IRON AND SILICON IN THE VAPOR PHASE
J. Steinwandel, Th. Dietz, V. Joos and M. Hauser

SHOCK-TUBE SIMULATION EXPERIMENT OF SUPERSONIC CONDENSATION FLOW

ACCOMPANYING A SHOCK WAVE
H. Oguchi, K. Funabiki and T. Ito

EXPERIMENTS IN SHOCK LIQUEFACTION
G. Dettleff, G.E.A. Meier, H.-D. Speckmann, P.A. Thompson and C. Yoon

SHOCK PROPAGATION IN LIQUID-GAS MEDIA
T. Fujiwara and T. Hasegawa

Part VII. Environmental and Energy Related Applications

A COMPARISON OF MEASURED AND COMPUTED ENERGY EXCHANGER
PERFORMANCE
W.J. Thayer Il and J.F. Zumdieck

FLOW FIELDS PRODUCED BY PIPELINE EXPLOSIONS
D.G. Edwards and R.M. Smith

STUDIES ON MECHANICAL AND AERODYNAMICAL BLAST-ATTENUATION
DEVICES
L.Z. Dumitrescu, A. Mitrofan and S. Preda

RESPONSE OF A ROOM SUBJECTED TO SIMULATED SONIC BOOMS
N.N. Wahba, LI. Glass and R.C. Tennyson

[vili]

637

646

655

664

673

682

691

700

707

716

724

735

744

753

762

WP - =T v Ao




<

T I WY T .

SHOCK DIFFRACTION COMPUTATIONS OVER COMPLEX STRUCTURES
A. Mark and P. Kutler

SIMULATION OF BLAST FIELDS BY HYDRAULIC ANALOGY
J.L. Stollery, K.C. Phan and K.P. Garry

FAST PYROLYSIS OF PULVERIZED LIGNITE IN A SINGLE-PULSE SHOCK-TUBE
H.J. Frieske, E. Seelbach and G. Adomeit

SHORT RESIDENCE-TIME PYROLYSIS AND OXIDATIVE PYROLYSIS OF
BITUMINOUS COALS
S.L. Szydlowski, D.C. Wegener, J.F. Merklin and T.W. Lester

SHOCK WAVE IGNITION OF PULVERIZED COAL
E.A. Ural, M. Sichel and C.W, Kauffman

A STUDY ON THE IGNITION OF A FUEL DROPLET IN HIGH TEMPERATURE
STAGNANT GAS
Y. Yoshizawa, M. Tomita and the late H. Kawada

SHOCK INITIATED IGNITION IN HEPTANE-OXYGEN-ARGON MIXTURES
A. Burcat, R.F. Farmer and R.A. Matula

AN EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF HIGH
TEMPERATURE IGNITION OF ETHANOL
K. Natarajan and K.A. Bhaskaran

A STUDY ON THE HYDROGEN-OXYGEN DIFFUSION FLAME IN HIGH SPEED FLOW

S. Takahashi, Y. Yoshizawa, T. Minegishi and the late H. Kawada

EXPERIMENTAL INVESTIGATION OF SHOCK INITIATED METHANE-COMBUSTION

NEAR A WALL
R. Keiper and J.H. Spurk

A SINGLE PULSE SHOCK TUBE STUDY OF SOOT FORMATION FROM BENZENE
PYROLYSIS
S.N. Vaughn, T.W. Lester and J.F. Merklin

RATES AND MECHANISMS OF FORMALDEHYDE PYROLYSIS AND OXIDATION
J.M. Kline and S.S. Penner

TRIBUTE TO JOHN N. BRADLEY

SYMPOSIUM PHOTOGRAPHS

AUTHOR INDEX

PREVIOUS PROCEEDINGS OF THE SHOCK TUBE SYMPOSIA

lix]

772

781

790

800

809

818

826

834

843

851

860

869

879

880

882

884

:




Part I: PLENARY LECTURES




A»g.(;i : ”'

53

AR AR

REVIEW OF SHOCK TUBE AND SHOCK TUNNEL ADVANCEMENTS AT NAL

K. Soga and I. Wada

P

National Aerospace Laboratory

o

C:
=L \XJ Chofu, Tokyo, Japan

Since it was organized in 1960, the Shock Tube Research
Group of NAL has studied the various aerodynamic problems of
hypersonic flight at high altitudes using a reflected shock
tunnel, electrically heated shock tubes and a gun tunnel.
These studies are reviewed briefly in this paper.

In order to construct and operate a large-scale shock
tunnel used for project works, a new operational method of
short-duration wind tunnels using a large-orifice plate and
high speed valves is proposed in this paper. The practica-
bility of this method has been studied using the gun tunnel,
and the results of these experiments are shown in this paper.
The exclusion of the piston and the use of high speed valves
to replace the diaphragms not only enable us to eliminate
dust in the flow but also to reduce the tunnel reset time.

AN

\

INTRODUCTION

Since it was organized in 1960, the Shock Tube Research Group of NAL has
studied the various aerodynamic problems of hypersonic flight at high altitudes
using a reflected shock tunnel 1’2), electrically heated shock tubes 3) and a
gun tunnel 4). The shock tunnel was operated at low pressure and the electron-
beam technique was used in order to do research on the transition regime hyper-
sonic flow !’2), The gun tunnel was used for preliminary experiments before
using the NAL 50 cm diameter hypersonic wind tunnel. In the gu “unnel experi-
ment, aerodynamic characteristics of spherically-blunted cones aund heat-transfer
problems of the backward-facing steps and shock-impingement were elucidated b;
the development of techniques for measuring aerodynamic force 5), pressure 627)
and heat-transfer rate 8). The gun tunnel was reconstructed as a free-flight

experimental facility in 1981 to study the stability of a free-flight projectile.

A short-duration wind tunnel such as the gun tunnel has been used because
of its low construction and operating costs. Also, other type tunnels have
been developed by several authors, based on new concepts such as the Longshot
Free-Piston Tunnel 2), the Piston Compression Wind Tunnel 10) and the Isentropic
Light Piston Tunnel 11’12). Now NAL is planning to construct a large-scale
shock tunnel in the near future to be used for such projects as the recovery of
rocket payloads.

In the conventional short-duration tunnel, a free-piston and diaphragms are
used. But some of its components must be moved between runs to reset the piston

P
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and diaphragms. In the case of a large-scale tunnel, the moving components
should be fixed. It is also important to obtain and continue a steady flow for
as long as possible. Moreover, elimination of dust in the flow should be con-
sidered. To solve these technical problems, we propose that a new operational
method using a large-orifice plate and high speed valves should be used. The
practicability of this method has been studied using the gun tunnel “).

In former methods, small-orifice plates have been used to stabilize the
tunnel stagnation conditions. However, a major problem has been that it takes
about a full second to stabilize tunnel conditions and the temperature of the
heated test gas decreasesas the time of the stabilization increases 10%12),

To overcome this problem an orifice plate with a large area is used in the
present method. The test gas in the driven tube is then heated employing shock
compression for two or three steps, quickly stabilizing the tunnel stagnation
conditions. High speed valves are used to replace the diaphragms. Therefore,
we tested the high speed valves in order to determine the valve performance and
effects of the valves on the flow in the test section. The subject matter of
the experimental study was the measurements of the tunnel stagnation pressure
and temperature changing the orifice area with and without a piston; performance
test of the high speed valve installed in front of the nczzle; and measurements
of pitot pressure and stagnation heat~transfer rate of the cylinder to diagnose
the flow established in the test section.

REFLECTED SHOCK TUNNEL AND ELECTRICALLY HEATED SHOCK TUBE

The shock tunnel was operated at low pressure and an electron-beam densito-
meter was used in order to do research on the free-molecule to continum, as
shown in Fig. 1 1°2), The pressure distribution on a flat plate with a sharp
leading edge was obtained from the measured density on the basis of constant
wall temperature. The pressure distribution against the hypersonic viscous-
interaction parameter corrected by wall temperature, x agrees well with the
results of experiments in a low-density wind tunnel at UC Berkeley.

to —i.1kV=~ -1 0kV supply
and Pre-amplif,er

Photo- ’
muitiphier

mm——

-3y
cathode voitage

Fig. 1  Arrangement of electron beam densitometer '
mounted on the wall of the test section
of NAL reflected shock tunnel.

The luminous intensity distributions around cylinders and spheres in the
electrically heated shock tube with a coaxial gun are similar to these density
distributions measured in the shock tunnel under almost identical flow condi-
tions 3) (Fig.2). P
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Coaxial Oiaphragm
Trigger Gun ¢ Glass Tube (1.D. 72mm )

D.C. 25kv g 7/
Supply > —= Pump 2
'__' 60cm —-lT
20pF = écm IIOcm

Pump 1

Fig. 2 Schematic of electrically heated shock tube.

NAL GUN TUNNEL

The gun tunnel (in Fig. 3) was used for preliminary experiments before
using the NAL 50 cm hypersonic wind tunnel 4), In the gun tunnel experiment,
aerodynamic characteristics of spherically-blunted cones, heat-transfer problems
on the backward facing steps and shock-impingement were elucidated by the devel-
opment of techniques for measuring aerodynamic force 5/, pressure 67) and heat-
transfer rate 8°13V1S5),

A three-component force balance with semi~conductor strain gages was pro-
vided for the force measurement. The axial and normal forces and the pitching
moments of spherically-blunted cones with nose bluntness ratios of 0, 0.1, 0.2,
0.3 and 0.5 and half-vertex angles of 12.5°, 16° and 20° were measured at angles
of attack from 0° to about 17° and a Mach number c¢f 13.6 5),

The pressure distribution on a series of spherically-blunted cones having

a half-vertex angle of 16°, which were installed in the test section as an
axisymmetric condition, were measured in the hypersonic flows produced with
contour and conical nozzles. The effect of nose bluntness on the pressure
distribution of a blunted cone in inviscid hypersonic flow was clarified by
taking into account the viscous induced pressure included in the experimental
results. The inviscid pressure coefficient obtained in experiments in the NAL
gun tunnel and the NAL hypersonic wind tunnel was correlated with the blast-
wave-type parameters C /C ,cone and (8¢2//Cpy) / (xn/dn) in order to compare it
with the numerical inv sc:l flow pressure distributions 6°7) .

Fig. 3 NAL gun tunnel.

‘
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Qlcol/cmisec)
20 30 40

Fig. 4 Heat-transfer rate distribution along stagnation line of cylinder
after shock-impingimeat. ( Flow model, Type IV by B. Edney )

It was also found that the pressure distribution on models tested ia a
flow produced with a conical nozzle was appreciably different from that on
models tested in a flow produced with a contour nozzle, but they show good
agreement with each other when harmonized by the source flow correction method
based on experimental data of pitot pressure distribution in a conical-nozzle-
produced flow °’%),

The heat transfer rate behind backward facing steps in laminar high Mach
number flows has been measured and discussed at various laboratories including
the NAL. J. Rom summarized these results of the peak in heat-transfer USin§
the ratio of the boundary layer thickness to the step height, hvRer/L 13415),

A typical example of results obtained in the heat-transfer experiment on
shock impingement, which is now being conducted at NAL, is shown in Fig. 4.
This 1s a schlieren photograph corresponding to a flow pattern that a supersonic
jet flow almost normally impinges on the surface of a cylinder, that is, Type
IV as defined by B. Edney. The peak heating rate nondimensionalized with non-
interference one is higher than that in any other flow pattern. The most
significant parameters governing the heat-transfer ratz distribution and peak
value are considered to be the length and width of a supersonic jet in this
case. Another flow pattern, where a shear layer impinges on the body surface
obliquely with an oblique shock wave, is called Type E. Distributions and peak
values of this type are considered to be influenced mostly by the length, angle
and turbulence level of the impinging shear layer.

NEW OPERATION METHOD #OR SHORT DURATION WIND TUNNEL

The new operational method using a large-orifice plate and high speed
valves is outlined as follows with reference to Fig. 5. The wind tunnel opera-
tion is begun by opening the 1lst high speed valve (1-H.S.V.), which is installed
between the tubes. When using a large-orifice plate, the test gas in the driven
tube is hiated employing shock compression for two or three steps and stagnation
conditions in the wind tunnel are quickly stabilized. After the stabilization,
the 2nd high speed valve (2-H.S.V.), which is installed in front of the nozzle,
is used to release only the heated test gas into the test section of the tunnel.

Experimental Apuratus

The NAL gun tumnel ) was used to test the practicability of the method.
The driver tube of ihe tunnel is 17 cm in internal diameter and 2 m in length.
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i | o
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Fig. 5 Gun tunnel and its operating system.

It can withstand up to 200 kg/cmz. The driven tube is 7 cm in internal diameter
and 7 m in length. A conical nozzle of M=8 with a half-angle of 5°44' was used
in the present experiment. The throat diameter of the nozzle is 13 mm and the
exit diameter is 17.9 cm. A vacuum chamber of 14.5 m? in volume5 including the
test section, is evacuated up to a few pHg by means of a 1,250 m°/hr mechanical
booster pump backed by a 6,500 1/min rotary pump.

While the high speed valve studied by Oguchi, et al 16), has an auxiliary
free-piston and electro-magnetic valve to move the main piston, due to the lim-
ited room available and for the sake of simplicity, we chose to use a hand valve
to move the piston. The room available for the 1-H.S.V. is 100 mm long with an

internal diameter of 140 mm.

While the construction of the valve is complex, the flow path from the
driver tube to the driven tube covers only 30% of the cross-sectional area of
the driven tube. The sketch of the 1-H.S.V. is shown in Fig. 6.

compressed air orifice plate

At

Fig. 6 Schematic of the 1lst high speed valve.

The 2-H.S.V. which was manufactured for our test is illustrated in Fig. 7.
The valve has a metallic rotor in the same manner as a glass cock used in vacuum
instruments and a throat diameter of 15 mm against 13 mm of that of the nozzle.
The rotor with a pinion is able to rotate about 90 degree by means of a pressure
changeover unit and a piston with a rack. When tunnel stagnation pressure is
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Fig. 7 Schematic of the 2nd high speed valve.

low, the 2-H.S.V. is operated with an electrically controlled pressure change-
over unit (1-P.C.U.). The 1-P.C.U. is able to supply compressed air up to

10 kg/cm2 to one side of the piston with a rack and release synchronously the
high pressure air contained in the other side. When the tunnel stagnation
pressure is high, the 2-H.S.V. is operated by a 2-P.C.U. backed by the 1-P.C.U.
The 2-P.C.U. can supply more highly compressed air, which is led from the driven
tube during the tunnel operation.

Stabilization of Tunnel Stagnation Conditions

In this section of our paper, we describe the tests that were made to
determine the usefulness of an orifice with a large area. The gun tunnel was
operated with the diaphragm as well as the conventional gun tunnel operation
and at the initial pressure ratios, P,/P; = 67156. Dry air at atmospheric
pressure and room temperature was used for the initial condition of the driven
tube. The nozzle throat was closed during these experiments. Plates having
orifices of 0.1A;VA; area were tested.

Fig. 8 shows the pressure traces which were measured at the end of the
driven tube. If we ignore the peak at the beginning of the pressure traces
with a piston in Fig. 8-a), there is no substantive difference between those
of a) and b) with the same orifice area. The results shown in Fig. 8 were
obtained by operating at an initial pressure ratio of 80. Though the initial
pressure ratio was changed through a range of 6 to 156, an orifice plate with a
constant area produced similar pressure traces for all initial pressure ratios.
Even though there were considerable fluctuations in the pressure traces, the
tunnel stagnation pressure was stabilized instantly in this wind tunnel when an
orifice with an area of 0.6A; was used. The fluctuations depend on the volume
ratio between the driver and driven tubes, and decrease as the value of the
ratio increases. Therefore, if we use a wind tunnel with a high volume ratio,
the tunnel stagnation pressure will be more easily stabilized by employing
shock compression for one step using an orifice plate of a suitable area.

The pressure traces obtained using an orifice of 0.3A; were stabilized
after two steps and obtained steadier conditions than those for an orifice of
0.6A1. When the volume ratio isn't as high as in the present wind tunnel, the
fluctuations of the pressure traces can be decreased through the use of a
medium-sized orifice such as Agy = 0.3A1. In this case, the test gas in the
driven tube is compressed for two or three steps, and the time required to
reach a stabilized condition increases as the number of steps increases.
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Fig. 8 Effect of the orifice area on the stabilization of the tunnel
4 stagnation pressure.
‘ In the present method using a large-orifice plate, the test gas is com-
’ pressed and stabilized by employing shock compression for two or three steps.
However, if the compression ratio of the test gas isn't so high, the tunnel
stagnation pressure and temperature after stabilization can be calculated with
the following equations obtained under the assumption of isentropic compression.

Po1/P1 = [k/(1H) - (B, /BDYY + (4)71]Y Lo )
Top/Ty = [k/QH) - (B4 /eDYY + ™11 (@)

where k is the volume ratio between the driver and the driven tubes, V4/V1.

. When making the above calculation, we found the experimental values of the

t tunnel stagnation pressure and temperature to be in fairly close agreement with
the calculated values.

Performance Tests of the 2nd High Speed Valve

The wind tunnel was used to conduct performance tests of the 2-H.S5.V.
Typical traces of physical quantities which show the tunnel and high speed
valve performance during the tunnel operation are illustrated in Fig. 9. It
shows the result when the tunnel stagnation pressure is low and the 2-H.S.V. is
operated by the 1-P.C.U. only as mentioned in the former section of this paper.
The dotted lines in Fig. 9 show the voltage supplied to the 1-P.C.U. 6 is the
turning angle of the rotor of the 2-H.S.V. Pg1 is the tunnel stagnation pres-
sure measured at 40 cm from the end of the driven tube on the upstream side.
Pyp 1s the pitot pressure of the flow established in the test section of the

tunnel.
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Fig. 9 Typical traces of physical quantities during the tunnel operation.

Opening times of the 2-H.S.V. were measured from rise to the point where
pitot pressure and heat-transfer rate reached to steady states, as explained
in the next section of this paper. Fig. 10 shows the above opening times for
two performance tests. In one of the tests, the 2-H.S.V. is operated by only
the 1-P.C.U., and in the other test, the 2-P.C.U. backed up by the 1-P.C.U. is
used to operate it. As shown in Fig. 10, the actual opening times are only
45 msec in the low pressure range, and even if the tunnel stagnation pressure
is high they are below 10 msec. Therefore, the 2-H.S.V. installed in front of
the nozzle is of practical use. These values can be reduced by the choice of
the suitable internal diameter and length of the high pressure air tube con-
nected to the pressure changeover units.

31 Wﬂ

v

E 2nd. P.C.U.

0 Ist. P.C.U. \ .
0 Poi (kg/cm2) 100

Fig. 10 Opening time of the 2nd
high speed valve.

Diagnoses of the Flow Established in the Test Section

As has already been mentioned, typical pitot pressure trace was shown in
Fig. 9. The effect of the initial pressure ratio on the pitot pressure of the
flow is shown in Fig. 11. The gentle slope in the region of initial pressure
ratios in excess of 16 is due to boundary layer g :owth on the nozzle wall sur-
face. The steeg slope in the region below 16 is regarded as the effect of air
condensation !7). To confirm this, the flow static pressure and temperature,
which were calculated from experimental results, are shown in Fig. 12, in com-
parison with the onset line for air condensation !8)., The solid line, which
shows the relation between the static pressure and the temperature, crosses the
onset line around P4/P1=16. Therefore, even if there is a 2-H.S.V. in front of
the nozzle, the flow in the test section is considered to be normally estab-
lished in the tunnel operation region without condensation.
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Fig. 11 Effect of the initial pres- Fig. 12 Air flow condensation.

sure ratio on the pitot
pressure of the flow.

To diagnose flow stagnation temperature and flow duration, a two-dimen-
sional cylinder, 30 mm in diameter, was installed in the test section. The
stagnation point heat-transfer rate of this cylinder was measured with a tech-
nique which uses thin-film thermometers and analcg networks !“*). Fig. 13 shows
a typical record of the heat-transfer rate which was obtained using an orifice
plate without a piston.

The heat-transfer rate is explained as follows, referring both to experi-
mental results obtained using a nozzle-like orifice block without a piston and
the orifice plate with a piston. The heat-transfer rate trace shown in Fig. 13
is divided into constant, steep and gentle slope regions.

40
- M = 8 conical nozzie
9%~ §| Awe034s
N 'g L Py =51 kg/em?
< P; =1 atm
] Por
- S -
| %[ theoretical
o & flow duration [ﬂb , cylinder
S‘ F > 3 Ry=15mm
-~ ‘E ]
*r- 3t
- €
- &
oL ‘3‘ 1 [ 1 ]
0 50 t (msec) 150 200

Fig. 13 Typical trace of atagnation point heat-transfer
rate of the cylinder.

1) Constant Heat-Transfer Rate Region: The duration of the constant
heat-transfer rate region does not depend upon the configuration of the orifice
plates and the piston, but only on the operation condition of the tunnel. The
tunnel stagnation temperature determined from the heat-transfer measurement
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gives almost the same value as the temperature measured directly by the
thermocouple.

2) Steep Slope Region: Although the heat-transfer rate traces in all

cases are similar to each other, there is a slight difference in gradient.
Therefore, the steep decrease of the heat-transfer rate trace is considered to
be due to the compression process of the test gas and to the fact that the
heated test gas loses some of its heat to the driven tube wall. The effect on
the heat-transfer rate of gas mixing between the test gas and the driver gas
isn't large in this region.

3) Gentle Slope Region: The gentle slope of the heat-transfer rate
trace is due to driver gas, because the value of heat-transfer rate using a
piston is zero in this region. Therefore, the heat-transfer rate in the gentle
slope region is due to the effect of heat-transfer from driven tube wall to
driver gas. In Fig. 14, the flow duration in which a constant heat-transfer
rate is maintained is compared with the flow duration that is defined by pitot
pressure measurements with a piston.

The flow duration obtained from heat-transfer measurements is about 60470%
of the ideal. Its decrease seems to be due to a compression process of the test
gas in the driven tube. The piston did not affect the flow duration in the
present experiment.

‘ V) : 272102 m3(7cm®x7m)
A _\ A" 133x107% m2(13mm¢ )
100l "\ P, = 1atm
‘ [~ from \ T =297°K
‘ constant P, theoretical

|_with piston /. @'ue_
— (]
- ", \

— from constant G," ® \

without piston

10 Lol g
10 Pys/P1 100

t {imsec)

Fig. 14 Flow duration.

CONCLUSION

! As expected, the results of the preliminary experiment showed that the
‘ present method is very useful for construction and operation of a large-scale
short duration wind tunnel. The exclusion of the diaphragms and the piston not
only enabled us to make a large-scale wind tunnel but also to eliminate dust in
the flow. By ueing a large-orifice plate together with high speed valves, early
stabilization of tunnel stagnation conditions and a steady flow in the test
o section was achieved. The use of high speed valves to replace the diaphragms
e and the elimination of the piston enabled us to reuse both the states of high
- pressure in the driver tube and the partially evacuated pressure in the dump
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tank after the tunnel operation. Therefore, the tunnel reset time was reduced
dramatically. The effect of a piston on the performance of the tunnel was
negligible.

On the basis of the above results, we are planning to construct a large-
scale shock tunnel to do research on a hypersonic flow having a Mach number of
15. The tunnel will consist of a spherical high pressure chamber of 10 m3 which
can withstand air pressure of 300 kg/cm?, an electrically heated driven tube
25 cm in diameter and 20.5 m in length and two spherical vacuum chambers of
1,800 m3.
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CURRENT STUDIES AT CALSPAN

‘fj“ UTILIZING SHORT-DURATION FLOW TECHNIQUES

A Michael G. Dunn

s Aerodynamic Research Department
- Calspan Advanced Technology Center
Buffalo, New York 14225

A ,
A brief review of current shock-wave related research projects
within the Aerodynamic Research Department at the Calspan
Corporation is given. The subject areas discussed are di-
e o) vided into three basic groups: (1) Application of conven-
tional shock-tube/shock-tunnel techniques to obtain heat-flux
- distributions on flight vehicles, to study transonic shock/
< boundary-layer interactions, and to obtain rate-coefficient
' measurements; (2) Relatively new applications of established
shock-tube/shock-tunnel techniques, and (3) Discussion of
new techniques specifically developed to improve the accu-
4' racy of shock-tunnel simulations.

' ( 1.  INTRODUCTION \

Research utilizing shock-tube/shock-tunnel techniques has been an active
area of interest at Calspan for many years. The intention of this paper is to
review on-going projects which can be conveniently divided into three groups as .
noted in the abstract. Included in the discussion of Group 1 is: a description

. of a shock-tunnel measurement program designed to obtain heat-flux distributions
for a pod to be mounted on the top of the space shuttle vertical tail, an exper-
iment that uses a large-scale Ludwieg-tube apparatus to obtain data relevant to
the fundamental description of the transonic shock/boundary-layer interaction
phenomena, and a shock-tube measurement program designed to obtain the reaction
rates of the chemical processes in high-temperature reactions involving boron,
fluorine, hydrogen and oxygen-bearing compounds.

Two on-going experiments are discussed under Group 2: first, an experi-
ment which uses existing shock-tunnel technology and transient test techniques
to obtain heat-flux and pressure distributions for a gas turbine with the wheel
rotating at operational speeds; second, a Ludwieg-tube program designed to im-
plement a laboratory experiment to obtain fundamental data for the transient
response of a turbofan engine when the machine is subjected to a simulated
blast-wave environment.

{
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The items composing Group 3 involve new techniques designed to improve
the capability for obtaining accurate simulations and measurements in a shock

tunnel. These include a description of new heat-transfer gages developed to
measure rough-wall heating and a description of a technique tc simulate the flow
about a highly blowing nose tip.

2. CONVENTIONAL SHOCK-TUBE/SHOCK-TUNNEL INVESTIGATIONS
2.1  SPACE SHUTTLE HEAT-FLUX MEASUREMENTS: NASA plans to mount a scanning
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infrared detector on the tip of the vertical tail of a future Space Shuttle
Orbiter vehicle. The purpose of this sensor is to measure surface temperatures
on the leeside of the orbiter wings and fuselage during entry. Before this ex-
periment can be installed on the Shuttle, the sensor-pod design must be certi-
fied as adequate to withstand the aerodynamic forces and heat transfer associ-
ated with the entry phase of the Shuttle orbiter. The vehicle will be flying

at angles of attack of 40° with the pod in the wake-like flow on the leeside of
the vehicle. This flow also contains shock waves generated by the wings and the
vertical tail.

A 0.0175-scale model of the orbiter has been instrumented with 92 thin-
film heat-transfer gages located on the pod and on the vertical tail, Fig. 1.
The hemispherical dome of the pod, although only 0.375-inch diameter, contains
39 miniature gages as shown in Fig. 2. This model is being tested in the 48-
inch and 96-inch Hypersonic Shock Tunnels at Mach numbers from 8 to 16, Reynolds
numbers from 5x104 to 1x107 per foot, and angles of attack of 30°, 35° and 40°.
The results of this test are currently being analyzed with respect to the pod
design. A preliminary correlation of heat-transfer data obtained on the verti-
cal tail with data measured on the first flight of the Columbia show very good
agreement.

2.2 TRANSONIC SHOCK/BOUNDARY-LAYER MEASUREMENTS: Serious problems have been
encountered in the scaling of transonic wind-tunnel data to full scale when deal-
ing with shock wave/boundary-layer interactions (SBLI). A program of research
was initiated at Calspan which centered around a simulation experiment performed
in the large Calspan Ludwieg Tube -3,

The Calspan Ludwieg Tube is a large scale, upstream-diaphragm facility.
The supply tube is 60-ft long and has an inner diameter of 3.5-ft. For tran-
sonic studies, a perforated nozzle housed within a large dump tank, 8-ft in
diameter and 60-ft long, is used. The perforated nozzle is contained within the
evacuated dump tank, and during the experiment, sonic outflow through the walls
expands the nozzle flow to low supersonic Mach numbers. Selective coverage of
some of the perforations permits streamwise variation of the Mach number. A
flat-plate shock-holder assembly shown in Fig. 3 completes the apparatus used in
the SBLI experiments. This assembly was designed with the objective of simulat-
ing the flow through a normal shock wave standing on an airfoil at nearly full-
scale Reynolds number. The turbulent boundary layer approaching the shock is
developed on the flat plate that spans the transonic nozzle, and the interaction
is generated in the shock holder by choking the flow at its exit. In all exper-
iments, an airfoil type pressure history was imposed upon the boundary layer
approaching the shock.

The duration of steady test flow in this facility is approximately 95 ms.
A steady boundary layer is established in the model after a transient starting
process of about 15 ms duration. During the starting process, the choking flap
sends a wave system upstream through the shock-holder channel. Stationary shock
structures lasting 6 to 25 ms have been obtained. Most of the measurements are
made using pressure probes together with fast-response pressure transducers.
In addition, skin friction is measured directly by using flowing element bal-
ances with a fast-response piezoelectric pick-up. These Calspan-developed skin-
friction transducers have a 0.252-inch diameter sensing surface and can measure
shearing up to 0.02 psi. The output of all transducers is fed directly to a
high-speed data acquisition and processing system4 designed to satisfy the spe-
cific requirements of short-duration test facilities. Visualization of the
shock structure is obtained by schlieren movies and pictures of the flow direc-
tion at the model surface are obtained by wool tufts.

2.3  SHOCK-TUBE MEASUREMENTS OF SPECIFIC HBO, AND OBF REACTION-RATE
COEFFICIENTS: One goal in the area of high-temperature chemistry research
is the development of reliable predictive codes for the chemical processes and
subsequent radiation from high-temperature reacting gases. Important input re-
quirements include the chemical kinetic data which govern species production
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and removal processes in a reactive environment. For many years, research pro-
grams at Calspan have provided a quantitative data base on the spectro-
radiometric signatures of molecular species of particular interest within the
radiation/kinetics community. Molecular band locations, band shapes and spec-
tral intensities have been measured in such studies®.

The objective of the on-going research is to determine selected rate co-
efficients for selected B-O-H-F species. In particular, radiometric measure-
ments have confirmed the predominant importance of the HBO2 and OBF band
contributions in boron-containing mixtures. The present study comprises reaction-
rate measurements for the primary chemical processes affecting the formation
and depletion of HBO, and OBF. A shock tube is employed, wherein the reactions
of interest are monitored behind the reflected shock, using selected in‘tial mix-
ture preparations involving diborane (B2Hg) and 03, and boron trifluoride (BF3)
and 0y, in diluent argon. The argon diluent ensures that both isothermal and
thin-gas radiation conditions prevail.

The radiometric signatures of selected reactant and product species are
monitored in both the short wavelength (<5 _um) and long wavelength (6-10.4m)
infrared spectral regions. Three independent optical lines of sight are located
at a common station in the shock tube. A schematic of the shock tube and IR in-
strumentation deployment is shown in Fig. 4. Also included in the figure is an
illustrative radiometer record of the detected inband radiance of the 5um band
of HBO, (B=0 stretching vibration) in the reflected-shock region. The inband
radiation of other reactant and product molecular species is similarly monitored
during the experiments, by means of appropriately selected IR filters.

3. NEW APPLICATIONS OF SHOCK-TUBE/SHOCK-TUNNEL TECHNIQUES

3.1  HEAT-FLUX MEASUREMENTS FOR GAS TURBINE ENGINES: The ability to predict
acCurately the heat-flux distributions for various engine components is an im-
portant consideration in gas turbine engine design. Many different facilities
are currently being used to perform turbine related studies. The test apparatus
currently being used at Calspan (Fig. 5) provides an experimental capability
fitting between the well known cascade-type facility and the full-scale engine
facility. Heat-flux and pressure measurements have been obtained at Calspan
using state-of-the-art shock-tube technology and well established transient-test
techniques. These measurements were performed for a full turbine stage of the
AiResearch TFE 731-2 engine. This work is an extension of earlier measure-
ment56f7, obtained for a single stator stage in the absence of a rotor.

The modified shock-tunnel apparatus sketched in Fig. 5 consists of a 40-ft
long driver tube and a 50-ft long driven tube driving a test-section device
mounted near the exit of the primary nozzle. The model containing the turbine
stage consists of a forward transition section with a circular opening facing
the supersonic primary nozzle flow. The circular opening is followed by a
complete 360°-annular passage containing the nozzle stator, the rotor, and the
shroud. The orifice plate is used to set the mass-flow rate through the device
and thus to set the exit Mach number of the stator nozzle. The stator contains
approximately 58 heat-transfer gages, and the rotor airfoil is instrumented as
follows: pressure surface (12 gages), suction surface (7 gages), and tip (2
gages). Pressure transducers were installed in the test model from the entrance
section to the orifice plate in order to obtain detailed data on the starting
process and the stage performance.

The temperature vs time histories obtained from the thin-film heat-
transfer gages located on the rotating airfoils (wheel speed is 27,000 rpm at
100% physical speed) are transferred to tape recorders by use of a slip-ring
system. The high-frequency data associated with rotor-blade passage through the
stator wakes is an important part of this program. The recorder was operated so
as to sample at 2 usec intervals with typical passage times through a stator
wake being on the order of 50 to 80.usec, depending on rotor speed. A 2ausec
sampling rate provided many data points during a typical blade passage8,
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surface topography of sand-grain roughness. The second type of gage used in
this study is a rough calorimeter gage shown in Fig. 9. Both types of gages
are employed in the rough-wall heating studies and the results are found to be
in excellent agreement.

4.2 MASSIVE BLOWING FROM THE HEAT SHIELD DURING JOVIAN ENTRY: Ablative heat
shields have been used successfully to achieve thermal protection for vehicles
entering the earth's atmosphere for the past two decades. Convective heating
is the principle source of energy and the resulting rate of ablation is such
that the nondimensional mass loss from the nosetip (m/p. U, ) seldom exceeds
0.3. The high-energy entry into the atmosphere of Jupiter, however, represents
a different class of problem. High-speed entry into a Hy/He environment results
in extremely large, radiative-heating rates that are combined with relatively
small convective-heating levels. Under these conditions, the rate of mass
addition from the ablative heat shield is such that mass-addition rates ap-
proaching 70% of the mass flux in the free stream can be attained.

13

A porous nosetip used in the Calspan shock-tunnel massive-blowing studies
simulating Jovian reentry is shown in Fig. 10. The injectant was bled into the
flow from a large number of slots in the surface of the model that were fed fron
eight separate reservoirs which were connected through fast-acting valves to
eight concentric zones in the nosetip. By adjusting the relative pressure
levels in the reservoir, it was possible to control the distribution of injec-
tant from the nosetip. The model was instrumented with thin-film heat-transfer
and pressure gages. The model was calibrated to determine the discharge co-
efficients of each zone of the model for Nz, COz, CF4 and SF¢ injectants. For
the test conditions used, it was possible to generate nondimensional blowing
rates (m/f; Uw ) from 0.1 to 1 through the model. Much of the testing was con-
ducted with a CF4 injectant. Using CF4 with an 80% H»/20% He, the freestream
closely simulated the molecular weight ratio anticipated for the Jupiter mission.

High-speed schlieren photography was also used to examine the structure and
stability of the shock layer.

The high Mach numbers in both the test media (80% H,/20% He) and the driva-
gas (heated H,) made the gencration of long run times in an impulse facility in-
herently difficult. To maximize the test time, the shock tunnel was operated
with a low incident-shock Mach number (M;=2). After a rapid and clean start, :
steady-flow duration of over 4 ms was obtained. The subsequent tests demon-
strated that this time was more than two times longer than the duration requir:: .
to establish steady flow over a highly blowing nosetip. The experimental stud:i=s {
demonstrated that for a given mass-injection ratigp, increasing the molecular
weight of the injectant increases the stability of the shock layer.
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3.2  NUCLEA.. BLAST RESPONSE OF AIR BREATHING PROPULSION SYSTEMS: A program to

evaluate nuclear blast response of airbreathing propulsion systems is an ongoing
effort at Calspan. The engine used in the experiments described here was the
Williams Research Corporation F107-WR-400.

The basic Ludwieg-tube facility, around which this technology program was

developed is described in Section 2.2.

In order to convert the existing facility

to one that could be used to determine the blast-wave response of airbreathing
propulsion systems, several modifications were necessary. An important re-
striction on the generation of shock waves that are to be directed into the

engine is that the flow environment must
thus necessary to modify the facility as
driver technique”~

be free of foreign particles. It was
shown in Fig. 6 so as to incorporate a

consisting of an actuating chamber and a flexible diaphragm

in order to create an appropriate shock wave. This chamber is initially pres-
surized to a static pressure approximately 2 to 5 psi in excess of the Ludwieg-

tube driver supply tube in order to seal
shock-tube flange and support grid. The
two additional tubes, in addition to the
facility in order to perform the desired
ated in the small diameter tube-by rapid
the tube entrance. This is accomplished

the flexible diaphragm against the
sketch shown in Fig. 6 illustrates that
actuating chamber, were added to the
experiments. The shock wave is initi-
removal of the flexible diaphragm from
by venting the actuating chamber to

the outside away from the engine by rupturing a mylar diaphragm using an air-
operated knife.. A shock wave is then formed in the, 10-inch diameter tube (d)
and progresses on to the larger diameter tube (D) where it weakens and is
eventually directed into the operating engine. For steady-state operation of
the engine prior to initiation of a shock wave, the engine draws its supply air
through the annulus bounded by the two tubes of diameters d and D as shown in
Fig. 6.

Figure 7 is a sketch of the engine located in the 8-ft test section. In
order to utilize the existing shock tubes, it was necessary to design and con-
struct a bypass duct illustrated in Fig. 7. The cross-sectional area of the by-
pass was maintained constant at the shock-tube value from the inlet entrance to
the perforated plate. For these experiments, a forty-probe dynamic-pressure
rake was located just upstream of the first-stage fan to determine fan-face
distortion. In addition, total-pressure measurements were obtained at approxi-
mately 44 other locations within the engine.

Measurements were performed with two inlet configurations and with the
engine at 0° and 20° angle of yaw. Experimental results were obtained for
equivalent blast-wave overpressures from 1.0 to 2.5 psi. For each of these over-
pressures, measurements were obtained for engine speeds from 0% to 100% of
maximum speed.

4. NEW INSTRUMENTATION AND TECHNIQUES

4.1  SHOCK-TUNNEL INSTRUMENTATION FOR ROUGHNESS EFFECTS IN HYPERSONIC FLOW:

Recent Calspan shock-tunnel studies 12 of the aerothermal effects of
surface roughness include detailed measurements of skin friction, heat transfer
and pressure on highly-cooled surfices in high Reynolds-number hypersonic flow.
Configurations were chosen to simulate the flow over a nosetip so that boundary-
layer transition, entropy swallowing and surface roughness could be studied
either separately or in combinations. The studies were conducted at Mach numbers
from 8 to 13. Skin-friction measurements were made on both rough and smooth
configurations using the skin-friction transducers shown in Fig. 8. The rough-
ness was bonded to the diaphragm of each transducer to form a rough surface in
which the particles were packed as closely as possible without creating a multi-
ple layer. A similar surface was molded into two types of heat-transfer gages
developed for use in these studies.

A thin film "S'" gage has a sensitive element composed of a platinum film
that is sputtered uniformly onto a glass substrate which is molded into the

e PHTRY N
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ta) Tailored porosity distribution; (b) mode! (1.08 x 1.31 x
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{e) observation windows; (f! choking flap

Figure 3. Transonic shock-boundary layer experimental apparatus
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SHOCK-INDUCED FLOW SEPARATION AND THE
ORBITER THERMAL PROTECTION SYSTEM

Serge-Albert Waiter
Shuttle Orbiter and Integration Division
Space Transportation and Systems Group
North American Space Operations
Rockwell International
Downey, California 90241

ABSTRACT

- The concept of the Space Shuttle orbiter’s thermal protection system
(TPS) is based on reusable tiles of various shapes and sizes, but none
exceeding 8 inches. The tiles are top-coated, but the sides (edges) are not
thermally protected and are susceptible to damage from aerothermodynamic
heating. Such a problem occurs when large air-mass flows, created by local
pressure gradients, circulate into the tile gaps.

A typical problem is a pressure gradient created during entry by body
flap deflection, After a brief description of how the problem affects the
Space Shuttle orbiter, a theoretical and experimental review of the
phenomenon in which the major parameters involved in gap heating are
discriminated and analyzed is presented in Section [. In Section I, a review
of well-known classical mehiods to resolve the gap aeroheating problem in
the presence of a pressure|gradient is presented, and a few solutions are
computed to assess the sensi%iv‘ity of each one.

Starting with a basic relationship (called ‘“‘eyeball” because of its
simplicity), Section III follows the results obtained up to the most modern
engineering approach. It shows that, in all of the cases calculated, there is
too little confidence to apply the results to the orbiter without serious
structural penalties, such as increased weight from gap fillers used to stop the
flow of air into the tile gaps.

Section IV presents the solution obtained by using the most
appropriate method, based upon the solution of the Navier-Stokes equations.
There is excellent correlation with wind tunnel data. The application to four
trajectory time points shows that most of the conservatism introduced
because of the uncertainties of the approximate solutions (Section IIl) can
be disregarded. No correlation of this “exact solution” with the simple
pre-established relationships has been found, which indicates that more
parameters than expected could be involved. However, an after-the-fact,
semi-empirical engineering solution that fits the Navier-Stokes solution with
good agreement was established.
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INTRODUCTION

The TPS of the Space Shuttle orbiter consists of some 35,000 reusable surface insulation (RSI)
silica tiles bonded to an aluminum alloy structure. The bonding of these delicate tiles requires
extreme precautions, and damage to tiles is to be expected. Furthermore, during flight, friction and
convection from the hot and highly energetic flow field surrounding the spacecraft are likely to
create severe problems for the TPS system. These two main factors were independently well known
when the TPS concept was defined. However, it was not until later that the coupling of the pressure
gradient (or skin friction coefficient gradient) with the heat fluxes into the tile gaps was found to
be a crucial test for the TPS.

The purpose of this paper is to present the problem for a typical location where high pressure
gradients exist during entry, i.e., the bottom fuselagr :nder the influence of body flap deflection.
Once the problem is defined, the impact of quick and approximate solutions is assessed, showing a
very heavy penalty. A more rigorous solution, whose excellent correlation with experimental data
is promising for flight application, is then introduced. The results of the Shuttle’s first flight, STS-1,
have proven that the heavy burden resulting from the approximate solutions was unnecessary.

1. THE INFLUENCE OF PRESSURE GRADIENT ON TILE GAP HEATING

The Space Shuttle orbiter has a complex geometry, and no exact solutions are presently
available to compute the flow field surrounding the vehicle during flight, making it impossible to
predict the actual aerothermodynamic environment with a single program code. Instead, a step by
step approach is followed using Descartes’ methodology. First, an aeroheating environment is
defined assuming the orbiter is a smooth body (no gaps, steps, or cavities). Then, the influence of
“roughnesses” is added on.

Figure 1 shows a typical distribution of orbiter isotherms computed for a smooth surface, and
Figure 2 shows the actual orbiter and its tiles. Strong pressure gradients will allow the flow to
circulate throughout the many tile cavities and gaps; some of the wall temperatures are already
marginal, and, therefore, problems are to be expected.

Figure 3 shows the thermal insulation as it exists and the tolerances presently allowed for gap
criteria. Actual size panels of different tile combinations have been tested in NASA’s Ames
Research Center (ARC) tunnels under pressure gradients similar to those encountered in flight, and
a parametric study has shown that it is a combination of pressure and pressure gradients that is
producing excessive gap heating. This can be understood when one considers that a driving pressure
is necessary to pull the flow through the minigaps of the structure. It should be noted that the
pressure gradient can be either positive or negative.

Figure 4 summarizes the analysis and the correlation and its application to the Space Shuttle.
A coefficient, G, combining the pressure gradient and the driving pressure has been defined, and its
influence on the gap heating with and without pressure gradient is shown in Figure 5 as a function
of the gap depth for a 0.030-inch gap width. In the range of interest, the gap heating rates can
increase by more than one order of magnitude. Furthermore, since most of the tile sides are not
coated, excess heat rates and, thus, heat loads of such an extent will have catastrophic results on the
strain isolator pad (SIP) and structure.
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II. INFLUENCE OF BODY FLAP DEFLECTION ON FLOW SEPARATION

This section describes the influence of body flap deflection on gap heating, The geometry of
the bottom fuselage with its body flap deflected can be compared to a curved plate with
a downstream wedge (see Figure 6). Shock waves are generated at separation and reattachment,
producing a strong rise in static pressure. Two strong pressure gradients, both positive, are present,
separated by a so-called “plateau pressure.” Each gradient is driven by a different pressure level and
will provide different values for G. The analysis will focus on the determination of the aeroheating
pressure coefficient, G, created by such a configuration, It must be remembered that the subgroup
[dp/dx / Pnax] is of interest, and not only the pressure gradient.

Figure 7 shows the sensitivity of the pressure rise p = (p2/pl) as a function of a parameter such
as wedge angle, Reynolds number, or temperature ratio (wall-to-total) at a given Mach number for a
laminar separation, (Laminar flow is studied here because peak heating occurs during this flow
regime.) Because of the nature of the parameters playing major roles in the analysis, it was
suggested that the boundary layer displacement thickness, 8%, would be a plausible factor in the
calculation of the dx, and an empirical analysis showe . that dp/dx could be, for sample cases,
approximated by dp/dx = (pp- p1)/10 8*. The choice of 10 times §* has been determined
by empirical analyses based on a significant amount of experimental data for wedges and cones.
These data, available upon request, are limited to supersonic Mach numbers below Moo = 6.0,
where no real gas effects behind the shock exist.

III. CALCULATION OF THE AEROHEATING PRESSURE GRADIENT COEFFICIENT

This section presents the results of an approximation of dp/dx. It is assumed that the flow
reattaches at the trailing edge of the body flap (see Figure 8). Selecting a given position, X/L.
of separation on the bottom fuselage and assuming a 2-D wedge flow, the pressure rise through
the shock is easily computed as a function of the body flap deflection angle, and §* is obtained
by some well-known relationship (see Figure 9).

In the present analysis, the integral technique is used. A computer program for HP 9020 has
been written using the aerodynamic parameters derived from Rockwell International’s aerodynamic
heating program so that the resulting G’s will be consistent with the aeroheating analysis. The
results of the integral technique (8*) have been compared with finite difference solutions for a few
trajectory times and was shown to be adequate for this type of analysis.

Figure 10 presents the variation of the G coefficient for two extreme trajectories vs. entry time
for a given location of separation, X/L = 0.9. It can be seen that the influence of the trajectory
is meaningless. The influence of the separation location (0.5 < X/L (0.9)) is analyzed next
(approximation 1). The flow model is presented in Figui. 11. Again, the flow is supposed
to reattach at the trailing edge of the body flap, but separation onset is arbitrarily set at given
X/L locations. The farther upstream the separation, the weaker is the shock created and the higher
is the G coefficient. (In this analysis, large G’s mean weak pressure gradients.)

As expected, the G coefficient is shown to be a significant parameter and its determination
could be improved. (That is the reason the results are not presented here but are available
on request.) The influence of the body flap deflection angle illustrated in Figure 12 is shown to be
insignificant in the range of deflection to be used during entry. Increasing the body flap deflection
angle increases the shock strengths and the plateau and reattachment pressures, but the results are
hardly noticeable because of the limited deflection range (14.6 < 53 < 20.6).

A better approximation (No. 2) is proposed to define more accurately the only unknown
as yet, th- separation onset location, An iterative process is used, and of the restrictive assumptions
included (perfect gases, flat body, etc.) only the peak heating trajectory point was computed
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{Le.,, T = 850 seconds) because of the rather long calculations involved. The results, presented in
Figure 13, show that separation onset would occur as early as X/L = 0.74, or, to be more specific,
all tiles downstream of the main landing gear would experience excess gap heating problems from
peak heating to landing as early in flight as T = 800 seconds.

Gap filler would be required for several thousand tiles with dramatic consequences such as
increased weight, increased labor costs, and significant launch delay. This solution would involve
336 inches of the fuselage’s length (0.26 x 1,293), or approximately 72 rows of tiles, most of
them on the wing,

This approach was dropped because of the lack of credibility of the assumptions involved.
However, the problem was so critical and the flow field mechanics so poorly known that a new
approach had to be defined, What was learned in the approximate and sometimes crude analysis is
summarized in the following.

1. Trajectory is not influenced. Between the “weak” STS-1 and the design trajectories, the
aeroheating pressure gradient coefficients are almost identical,

2. Severe G’s are encountered as soon as separation occurs, regardless of the separation angle
and the upstream Mach number.

3. In the calculation of pressure gradients, the 10 times 8* has not been justified for the
orbiter boat tail configuration within the range of flight encountered. The comment
applies to the 10 as well as the §*. All analysis based on these two coefficients have
shown severe acroheating from pressure gradient, causing severe penalties for the TPS.

4. The uncertainty in the prediction of the separation onset is another crucial parameter.
The one approximation used in this paper has shown that almost one fourth of the
fuselage would require gap filler. However, the assumptions used in the deviation of the
analysis are very restrictive and permit the repetition of the conclusions of this approach
(cost, weight, delay).

5. A quantitative analysis not presented here has shown that the case of a 2-D flat
plate-wedge model was very conservative. It does not appear that the actual geometrical
shape could ever be included, but more recent step by step methods could include the
boat tail effect, which would significantly minimize the effect of the shock strength.

6. A general conclusion is that, even with the last (less conservative) analysis, pressure
gradients could create problems as early as T = 850 seconds during entry.

The need for more satisfying methodology is obvious.

IV. CALCULATION OF THE AERODYNAMIC HEATING PRESSURE GRADIENT

The only suitable theoretical approach is to solve the exact Navier-Stokes equations. Many
models exist but one of the most satisfying has been developed by NASA ARC. It can be modified
to include the boat tail geometry. Only one month was allocated for the analysis so the results
could be incorporated in STS-1.

The program was modified very quickly, and its first application was to existing oil flow wind
tunnel data (OH 25-B) where separation and reimpingement could be accurately defined. These
tests were run in the ARC 3.5-foot tunnel at Moo = 7.3 and several (Re/ft) and angles of attack,
A similar pressure test (OH 25-A) was available and provided the input conditions necessary to run
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the program. Six wind tunnel cases were analyzed: three angles of attack at 2 (Re/ft) each.
Figure 14 presents the results for @ = 40 degrees (2 Re/ft), and compares theory with experiment,
The comparison is excellent for all cases analyzed and gives great confidence for the flight anaiysis.

Four trajectory time cuts were computed:
T = 500, 700, 900, and 1,200 seconds

The starting conditions such as P at X/L, §*, M, were defined theoretically. Convergence to the
exact solution should be quick, considering that the starting condition (X/L = 0.8) was selected
well upstream of the disturbance created by the onset of separation. The results are shown in
Figure 15. As expected [dp/dx /p] is a significant function of time.

The very interesting feature of the solution is that separation occurs almose ac the hingeline,
contrary to the previous approaches. It is assumed that the introduction of the boat tail shape into
the solution has provided the significant relief expected. With the present results, only the two
rows of tiles upstream of the hingeline are affected by separation.

‘ In order to assess the sensitivity of the parameters of the product [/ Pm,x dp/dx], four
Fe different cases were computed for which all input parameters such as 8* C,, C,  were
dramatically changed. The results of this error analysis show that the G factor is only affected by
+ 7 percent when these parameters are modified (see Figure 16). This can be explained by the
extremely fast convergence of the present computer code. Even though the “starting conditions™ at
' X/L = 0.8 are voluntarily offrange, the program converges extremely fast to the correct solution,

)

and when separation occurs, the previous history of the flow has been damped and accounted for.

R e,

Accordingly, it was decided that only two rows of tiles upstream of the hingeline will be
affected by separation and, as a consequence, have their gaps filled, This is a dramatic improvement
when compared with the 70 or more rows of tiles previously incriminated.

During the Navier-Stokes analysis, a memo by Jimmy Carter of ARC was discovered and
analyzed, In this report, experimental data about pressure distribution on wedges in the separation
region at Moo up to 6,06 have been collected and plotted. The range of wedge angle is .
5 < a% < 11 and the range of the Reynolds number is 1.35 x 104 < Re, < 1.01x 103. ‘

After a transformation of variables based on the free interaction model, it is shown that, in the
P and X plane(P and X being defined in Figure 17), the scattering is reduced and all data points
seem to follow one single curve where a dP/dX = 1.8 can be easily identified.

The calculation of the coefficient G (x} can be made and compared with the Navier-Stokes
solution previously obtained by writing that

dX/dx
dP/dp

with dX/dx, dP/dp and P and X =¢; [p, x, X, 6*...] according to flight conditions and the free
interaction model. The results are presented in Figure 18. The correlation is impressive even though
the two logics are so widely different.

dp/dx = dp/dP dP/dX dX/dx = 1.8

Flight test results are shown in Figures 19 and 20. It can be seen that no tile damage is visible
upstream of the hingeline. Figure 19 shows th. main landing gear door locations. Note the number

of rows of gaps to be filled.
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V. CONCLUSION
The conclusions are summarized below.

® No correlation has been found between dp/dx and any boundary layer thicknesses.
A statistical analysis has been conducted where 8, §*, and # were compared with the dx
in dp/dx as predicted by the Navier-Stokes solutions. As of now, no empirical or
mathematical relationships have been found. This could be because the various boundary
layer thicknesses are not related to the pressure gradient or other parameters (not yet

included) should be inserted.

® As for the G coefficient or [dp/dx v/ p] a good correlation exists between the free
interaction model and the solution of the Navier-Stokes equations. A simple computer
program has been written that can compute G for any trajectory within a few minutes.

®  The location of separation onset is less severe for flight cases than for wind tunnel cases
at iso-Reynolds number (per length or per foot). This could be attributed to the fact
that the energy level (enthalpy) is much greater in flight than in the wind tunnel.

®  Sophisticated solutions predict less severe separation onset and pressure gradient effects
than could be predicted by less rigorous analysis. It is assumed that these solutions are
based upon experimental wind tunnel data that are, as previously explained, more
conservative than flight data.

® It has not yet been possible to correlate quantitatively the flight data to the theoretical
predictions because not enough pressure data are available from flight to define a good

pressure variation and, thus, a good value of the pressure gradient.

® However, a good qualitative correlation exists for the prediction of the separation
location onset.
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Figure 2. Typical tile distribution on wind side fuselage
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CHEMICAL KINETICS STUDIED BY VACUUM-UV SPECTROSCOPY

IN SHOCK TUBES

Th. Just
DFVLR-Institut fir Physikalische Chemie der Verbrennung

Pfaffenwaldring 38, 7000 Stuttgart 80
\
The study of elementary chemical reactions at elevated
temperatures is greatly improved when the shock heating of a
reactive gas is combined with a very sensitive technique of
species detection. Atomic resonance absorption spectrometry,
ARAS, 1is such a technique. For example, it allows the de-

tection of relatively low concentrations of H and O atoms
behind reflected or incident shocks. R

The generation of the absorption signals with a signal to
noise ratio on the order of 10 or better was found to re-
quire initial concentrations of only a few ppm of the re-
acting molecule. The advantages offered by such a low re-
actant concentration are obvious. The low initial concen-
tration minimizes temperature changes caused by the heat of
reaction to a negligible scale. Thus, chemical reactions can
be studied under isothermal conditions. In addition, the in-
terpretation of the process under investigation is often
greatly simplfied. As a result of the low initial concen-
tration, many s$ubsequent radical-radical reactions proceed
very slowly during the first 100 to 200 usec.

The paper includes a discussion of the necessary cali-
bration procedures for H and O atoms, as well as a survey
of some results which were obtained by the ARAS method.
Finally it contains also some information about the use of

strong vacuum~ultraviolet absorption bunds of molecules
for obtaining additional kinetic information. However,

higher reactant concentration levels, on the order of
50 to 200 ppm, are necessary for such experiments.

1. INTRODUCTION

The combination of shock heating of a reacting gas mixture with a sensitive
technique for species detection offers great advantages for the study of se-
lected elementary reactions at elevated temperatures. Atomic resonance ab-
sorption spectrometry (ARAS) has been known for a long time as a vefx sensitive
technique for concentration measurements in the range of 10!l to 10 atoms
per cm3, To generate these concentrations by chemical reactions, generally at
temperatures above 1800 K, initial concentrations of the reactants on the order
of 50 to 1 ppm are required.
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These low initial concentrations minimize the temperature changes
caused by the heat of reaction under study. For example, the temperature be-
hind a reflected shock can be considered as practically unaffected by the
chemical process. The initial temperature and its constancy during the utilized
measuring time depend solely on the hydrodynamics of the used shock tube.

The carrier gas commonly used in such experiments is Ar with only traces
of reactants. Within measuring timesof about 200 to 600 usec we can expect
practically constant temperatures. In a properly designed shock tube typical
temperature changes on the order of 1% in Ar were found.

The combined ARAS and shock tube technique is very well suited for
studying dissociation kinetics of two-atom molecules for which it was developed
first in the past. However, it soon turned out that the advantage of performing
experiments with very low initial concentrations is particularly important,
when more complex reactions of polyatomic, in particular small hydrocarbon
molecules are considered.

For example in pyrolysis experiments the low initial hydrocarbon concen-
tration allows one to distinguish between the primary process of the H-atom
abstraction and the secondary reactions of the generated H-atom and radical with
the original molecule. In the case of H-atom abstraction we expect for a
distinct time interval a linear increase of H-atoms with time.

If the primary step is not a H~atom abstraction, then the system may
generate H-atoms in a secondary reaction. In this case we will observe under
carefully selected experimental conditions quite a different H-atom profile
with dH/dt = O for t = 0. So the two general types of primary dissociation can
very easily be distinguished.

Due to the low initial concentration generally the contribution of re-
combination reactions and of many secondary or tertiary bimolecular radical-
radical reactions is minimized in the first 200 to 600 usec. The immediate gain
is a considerably simplified interpretation of the chemical kinetics of the
investigated system.

Since N0 splits off an oxygen atom very fast at temperatures above
1800 K, mixtures of N9O with a hydrocarbon can be ugsed to study the primary
reactions of oxygen-atoms with the hydrocarbon molecule. In this case measure-
ments of the time dependent profiles of oxygen - as well as hydrogen-atoms -
are necessary.

The recording of the H or O-atom profiles needs a vacuum-uv spectrometer.
Such an instrument together with suitable light sources enables it also to
perform experiments at selected vuv absorption bands of molecules. For example,
some hydrocarbons have in the accessible wavelength range of wvuv spectrometers
fairly strong absorption coefficients on the order of 108 to 3x107cm2/mol
under standard conditions. This can be exploited for additional experiments in
which under favourable conditions information about the sum of all primary de-
cay processes can be gained.

2. EXPERIMENTAL ARRANGEMENTS
Most research groups applied the ARAS or vuv band-absorption technique

to reactions which were started behind reflected shocks, since the temperature
profile behind teflected shocks is usually of better quality.
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2.1. THE SHOCK TUBE

In particular for performing experiments with H or O-atom detection great
care has to be taken on the construction of a tight shock tube and auxiliary
vessels with clean inner surfaces. Traces of pump oil or organic material from
ordinary gaskets cannot be tolerated since these materials can be the source
of unwanted and sometimes uncontrollable contributions to the measured H-atom
concentrations.

We found an average tightness of 5 x 10-8 t:orr-liter—sec—1 for the
storage tank and about 0.1 to 1 x 106 torr-liter-sec~! for the shock tube
tolerable for the application of the ARAS technique.

Facilities for baking the shock tube, storage tank and all connecting
tubes are in most cases helpful and in some applications essential. The latter
is true for studies with molecules which are adsorbed easily by the walls.
Examples are: SO2, HyCO, CH30H, NH3, C4Hp. Further general aspects of shock
tube construction in connection with the ARAS-technique are discussed in
References (1) to (3).

2.2. GAS MIXTURES

Most important for the ARAS technique is the use of Ar with the highest
available purity. Good results can be obtained with Ar which contains less
than 0.006 ppm H2 and hydrocarbons,< 1 ppm of water and 0.4 ppm of air. At
densities of about 1 x 103 mol-cm~3 behind the reflected shock and tempera-
tures of about 2800 K not more than 3-101! H-atoms cm~3 were produced by the
residual impurities.

Experiments at higher densities usually require further purification of
the Ar. We would propose for experiments under such conditions to pass the Ar
through selected molecular sieves at dry ice (CO;) temperature. Experiments in
this direction are presently in progress in our laboratory.

The admixed test gases should be of high purity too. However, here the
standards may be somewhat less stringent, since the needed relative concen-
trations of the test gases is in most cases less than 50 ppm.

2.3. SPECTROSCOPIC ARRANGEMENTS

Windows of MgF; near the end flange of the shock tube have proven well
suited for the vuv technique. They are little affected by solarization by the
high energy quanta in the wavelength range between 1200 to 1400 ®. The trans-
mission of MgF; is satisfactory down to 1200 R with a corresponding trans-
mission of 40% at a window thickness of 1.5 mm.

2.4. LIGHT SOURCES

As light sources for the ARAS technique microwave-driven discharges
in He with traces of H or O are well qualified. Typical operation conditions
of such lamps are: 5 torr total pressure and microwave power between 50 to
100 W at 2.45 GHz. The discharge tube is usually connected directly to the
shock tube window. The He should enter the discharge tube near the shock tube
window and should flow slowly in the direction of the microwave antenna. This
approach will reduce selfabsorption effects by atoms in the cold layer bet-
ween the discharge and the shock tube window.

A systematic research in particular on the properties of Lyman—{ga)-sources
was undertaken by Lifshitz, Skinner and coworkers (4), (5), see also Ref. (3).
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When to the carrier gas H traces of Nj, CO2 or CH4 are added, we were able
to excite a great variety of atomic lines and molecular bands in the spectral
range between 1200 and 1700 &. Selected emissions, which exhibited a good long
term stability, were used for vuv band absorption experiments. Excitation of
X (I) at 1469 % enabled measurements with SO (8). Excitation of Hy gave strong

emission around 1608 & which can be used for absorption experiments with CoH4(9).

Other light sources for vuv absorption experiments behind shocks were des-
cribed for example by Patch (6): Hp Werner transitions around 1150 R, and by
Appleton (7): N2 transitions around 1176 1.

2.5, SPECTRAL FILTERING

The use of a vuv spectrometer has many advantages over spectral filters,
but one disadvantage is the relatively poor transmission at wavelengths around
1200 8. For chemical kinetic research in the vuv spectral region a spectrome-
ter is essential, however at the L(a) wavelength a spectral filter can be used
favourably. A spectral filter for D(a) radiation based upon a combination of
O, transmission and the quantum efficiency of the used photocathode was des-
cribed by Appleton and Appel in Ref. (2). The residual transmission of the
filter for radiation other than H(a) or D{a) was reported to be on the order
of 2%. This agrees well with our own experience.

The advantage of such a filter is the much higher transmission rate which
improves the time resolution or signal to noise ratio of the equiosment. How-
ever, in studying hydrocarbon reactions it was often found necessary to take
into acccunt the time dependent absorption by molecules exactly at the L(a)
wave lenurh. This occasional contribution to the measured total absorption is
difficult o0 determine exactly with a simple spectral filter. With a vuv mono-
chromator these important data can be obtained fairly accurately when the ab-
sorption of the disturbing molecules is determined at the wave length of the
D(a) lines.

In principle a similar method can be used at other wave lengths. For
example, when O-atom absorption is studied. No example has been reported up
to now. It may be difficult to find in practice a strong emission line which
is near enough to the used O-atom triplet around 1306 £.

2.6. Photo Multipliers

Solarblind detectors with LiF windows have been proven to be well suited
for time resolved spectroscopy in the wavelength range between 1150 to 1800 2.

2.7. SIGNAL TO NOISE RATIO

With a L(a) source driven by 100 W microwave power, a McPherson
Model 225- 1m spectrometer and a solarblind photomultiplier EMR 541 G-08-18,
we obtained a signal to noise ratio on the order of 50 at an electronic band
pass of 30 kHz. The time resolution given by the optical arrangement is in our
experiments typically about 20 to 25 usec. This is sufficient for most experi-
ments in a temperature interval between 1600 to 2800 K. When a spectral filter
for the H(a) line is used, the time resolution can be improved to a few usecs
at a signal to noise ratio of about 1000. See reference (2).

3. CALIBERATION PROCEDURES

Since it is difficult to determine the exact emitted line profile of a
discharge lamp, it is not possible to calculate with good accuracy the needed
calibration curves, which connect absorption with concentration. Attempts in
this direction have been madeThey are reviewed in Ref. (3). Ur */, now it is
necessary to perform separate calibration experiments for H and O atoms.

'vu.*. -
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3.1. HYDROGEN ATOMS

The Hpy-dissociation may be considered as well known in the temperature
range between 2500 to 4000 K. Three independent experimental works gave rate
coefficients for Hy-Ar which agree well within 20% deviation between the
lowest and the highest value at a given temperature. See: (6) (1) (10).
Difficulties arise when calibration at lower temperatures such as 2500 K, be-
comes necessary. One possible method is to exploit the fast dissociation of
N0 and the production of H-atoms through the reactions: O + H, - OH + H,

OH + Hy -+ Hy0 + H by mixtures of N0 with Hj.

We prefer mixtures containing about 50 to 200 ppm Hy and a few ppm N5O.
At temperatures above 2200 K we obtain with such mixtures 2 H-atoms per N,0O
molecule. It is therefore possible to check the calibration by H2 dissociation
with this independent simple and very accurate method at T > 2200 K. At lower
temperatures it is necessary to use computer modeling with known rate
coefficients in particular for the N2O decay. Fortunately, in the temperature
range from 2000 to 2500 K these coefficients seem to be known also fairly
accurately. However, at present some inconsistencies exist for the N0 de-
composition at temperatures lower than 1800 K. See Ref. 3. We based our cali-
bration on results reported by Olschewski et al (11) and our own measure-
ments (12) which agreed very well with the results of Ref. (11).

In principle it is also possible to use mixtures of large excess of N30
over Hy or Djy. Such mixtures N20 > Dy for D-atom experiments were used by
Appel and Appleton (2). Great care has to be taken when this method is applied
to Nzo/H2 mixtures because here the large excess of generated O atoms may also
produce H-atoms by the two fast side reactions with water and OH: O+ H,0 + 20H,
O + OH + Oy + H. According to our experience water may be present in our shock
tube in relative concentrations in the range between 0.1 to 0.3 ppm. Computed
examples for the additional H-atom production are shown in Fig. 1. The coin-
cidence with the measured H-atom profile is good.

Contribution of ,%v.
0+ HO0 — 20H (H]
O+OH ~= 020 H 4 +—Atoms/cm?
6 4 .102 2 I 7
L) 0.20 ppmH,0 P
S { Atoms/cm® . 10
8 7
4 Q5 ppmK,0
& 4 /j// —
A 4
3 /
2
2 [/
N0 : 200 ppm o2 /
. 2200 K 2
' 2 44 bar
0 4 {Hyf= 2000-2800 K W, Dissoc ociation
0 200 400 800 poec === 1700 = 2100 K NyO oM, iHpNJO
g 2
W'

¢ 01 02 03 04 05 06 07 08
Fig. 1. N20 in Ar. L(a). Additional Absorption A

H-atom production by O+H70 reactions.
©® measured; — computed with assumed Fig. 2. Typical calibration curves
Hy0 concentrations. See text- for H-atoms.
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In Fig. 2 we show examples of calibration curves obtained by Hy dissociation
and H2/N20 mixtures with Hp in excess.

3.2. OXYGEN ATOMS

At temperatures above 2200 K N3O dissociation at a typical total density
of 1 x 107°5mol-cm~? is so fast that a steady state concentration of O-atoms is
achieved within about 200 usec. At lower temperatures the calibration needs
the kinetics of the NjO dissociation. This is a simple matter under the ex-
perimental conditions with a few ppm to about 50 ppm initial relative con-
centration of N,O, since subsequent reactions like O + Nj0 -+ Ny + 02/2NO
are known to be slow and are unimportant at such low N7O concentrations. Re-
combination of O-atoms can be safely neglected in the typical time scale of
400 to 600 usec.

3.3. ABSORPTION COEFFICIENTS OF SELECTED MOLECULES IN THE VUV SPECTRAL REGION.

There exist only sparse informations on quantitative data for absorption
coefficients of hydrocarbons and other molecules. During the course of our work
we had to determine some absorption coefficients which are given in Tble 1.
Data at L(a) and the O-lines are needed for the proper consideration of mo-
cule absorption at the atomic resonance lines. Other wavelengths were checked
in order to find absorption bands of molecules undisturbed by conceivable re-
action products. In the casesof Ny0, CyHy, CpHy we found the reported wave-
lengths in Table 1 at which little or no contributions of reaction products
could be observed. We assume that short lived intermediates never reach such

a concentration which may be the cause of an interference. This assumption is

‘ plausible but in practice sometimes difficult to verify.
Table 1
4 : VUV-Absorption Coefficients in 10-17cm?/molecule
; Shock-Tube-Measurements by P. Frank
‘ ’ . Lamp Slit
' " gas width
CH4 C2H6 C2H4 C2H2 C4H2 N20 02 He+yy in uy
L(a) 2.0/1.9| 2.9 | 2.9 7.3/3.6 | 2.7 |o0.5/1.1] a |1%H, goP
O-tripl] 1.8/1.5] 2.8 n.m. 3.1/4.2 4.1 7.5 0.05]11%0, 80
{
: 1282 n.m. n.m. | n.m. n.m. n.m.} 9.9 n.m. |2%Co, | 600
! 1560 0 0.09 2.2/2.2] 0.41/0.45] n.m. | n.m. n.m. [2%C0O, 80
1608 n.m. <o.01] 2.8/2.3| 0.18/0.2°] 9.59| n.m.  |n.m. |100%H,| 200

. . Single number: T = 300 K; when two numbers are given corresponds the first
L : number to T = 300 K, the second number to T = 1200-1700 K.
n.m.: no measurement

a:  7.1x10 22xr-6.3x10"!? for T: 1200 to 2300 K

b: McPherson, Model: 225

¢: slith width: 1000 u d: slit width: 400 u

‘..‘,.__' A The absorption coefficients are given within + 15% or better.

&,
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4. CHEMICAL KINETIC RESULTS

Not much has been published on chemical kinetics research using the combi-
nation of shock tube and vuv molecular band absorption. R.W. Patch (6) seems to
have been the first who has performed such an experiment. He studied the Hy-
dissociation following the absorption of light around 1148 R (Werner
transition). Later Appleton et al (14) published results of the N, dissociation,
by absorption of N; around 1176 8. A fairly strong absorption band around
1608 & of CoHy has been exploited by Just et al (3) to investigate directly
the total decomposition of CjyH,.

Recently the vuv method became more attractive, since Myerson and Watt (1) have
demonstrated convincingly the advantages of the ARAS technique in combination
with a shock tube.

The much more sensitive technique of atomic-resonance absorption, in par-
ticular for H and O atoms, allows the drastic reduction of the reactant gas-
concentration. As it was already explained,the utilization of very small
initial concentrations simplify markedly the chemical-kinetic interpretation
of the experimental results. Under typical experimental conditions of the ARAS
technique only primary decay steps and the following reaction of the formed
atom and radical with the original molecule in many cases need to be con-
sidered. This was first demonstrated by Roth and Just (15) on the pyrolysis of
methane at elevated temperatures above 1800 K. The ARAS method appears in par-
ticular very well suited for the study of elementary steps of normally complex
reactions, as they occur in flames for example.

4.1. RESULTS ON PYROLYSIS OF MOLECULES. L{a)-SPECTROMETRY

The pioneer work of Myerson and coworkers on H (1), 0, (16) and NO (17)
dissociation, the H + O, reaction (1) as well as the work o% Appel and
Appleton on Dy dissociation and the D + 0, reaction (2) will be only mentioned
here. For H + 02 and D + O3 see also Chiang and Skinner (18). We will focus our
attention on the more complex mechanism of the decay and reactions of poly-
atomic molecules.

An extremely simple mechanism for the SO, decay could be werified by
Rimpel and Just (8). At concentrations lower than 200 ppm of SO, oxygen atoms
were formed only by SO; + M + SO + O + M. All subsequent conceivable reactions )
turned our to be negligible under the specificly chosen experimental con- ‘
ditions.

At very low reactant concentrations on the order of a few ppm we may in
most cases neglect the bimolecular reactions of the original molecule with
itself. For example, in L(a) experiments, 2CpHp + C4H3 + H and similar re-
actions become unimportant as H-producing steps (22).

We present for the following discussion a general mechanism, which is

typical for a large number of pyrolysis reactions under the conditions of an
ARAS experiment. We specify this for the sake of clarity for the decay of a
hydrogen containing molecule. R,-H is the original molecule, Pj is a stable
product, Ri is a molecular radical. M is an unspecified,nonreactive collisional
partner in decay or recombination reactions.
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)
1) Initial steps: M + R,-H 13 R +H+M

1!;'>1>14-}12+M
ISR.1+R;+M

II) Immediate subsequent

reactions:

DecompOSLtl?n of . o 2ai

primary radicals Rj: M + Ry P; +H+ M

obi

i=0,1,2 ki other products
Reactions of the primarily H + R,-H 3 Hz + R;
formed radicals with the . 4ai
original molecule R,-H: Ri + R-H > H + products

i=0,1,2 491 other products

I1I) Reacticns which often can be neglected, or which contribute only
at later stages of the reaction:

Thermal decomposition of PI: M+ P1 53 H + R;
SR other products

Radical~-radical reactions

like: o+ E, Sn,+p,
. .
R, + Ro 73 H + products

7R other products

Recombination R 8
reactions like: H + Ro + M > RO—H + M

The general scheme of reactions 1 to 5 describes with excellent approximation
the first reaction steps of the following systems:

HCN (19) 7 NH, (20, 21);CH, (15); CD, (18); CoHp (22); CoHy (9); Cy4Hy (22);
HycOo (23); CH3 (33, 23, ané this text).

All these%systeQ§ have no reaction channel 1c and consequently reactions
of R -H with Ry and Ry (4a;, 4ap, 4by, 4b2) do not appear. In all cases it was
possible to find experimental conditions under which only steps la and
eventually 1b (CoH,; H,CO) were dominant through the first 100 or 200 usecs.
At later reaction times and moderate temperatures mainly 3 or 4ac with R,
were found to contribute to some extent to the H-atom profile, so that these
reactions could be additionally determined. Generally at high temperatures an
increasing influence of 5a or 6 and 7a could be observed. The systems CyH, and
CH4 are given here as examples:

M+CH, '3 cii+H+M

(B + CyHy 3 Hy + CoH ) (unimportant under experimental conditions)
430

CH + CpHy 3° CgHy + H + M

5
M+Cql, 3 CH+H+M
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At temperatures above 2200 K we could interprete the measured H-atom profile
only, when reaction 5a was incorporated in the reaction scheme (22). A marked
acceleration of the H-atom production through 4ac could also unambiguously be
shown by us (22). For CH, (15) we observed in later stages of the reaction at
temperatures above 2000 K contributions of reactions 2ao:

CH3 + M > CH, + H + M and reactions of type 6: H + CH3 > Hp + CHy as well as

7a,b: 2CH3 % CoHg + H

d
CH, *+H,

However, these reactions may better be studied under specificly selected con-
ditions. See below.

Examples for a strong contribution of 1b additionally to la are CjyH,
and H,CO. At very low initial concentrations the time dependent profile of the
H-atom concentration is practically governed by the combined action of channels
a and b. An instructive example is given in Fig. 3, where it is demonstrated
that the consumption of H7CO by channel 1b reduces the formation of H(t)
considerably.

cnﬁmohs
M +HCO —HCO+HeM |x|x| 3.107
Fig. 3. Decay of formaldehyde. = Hy +CO-M |o|x| 3108
x: channel is open H + HCO = H, « HCO v|x]40®
o: channel is closed AB
(A) was calculated without the H,+CO
channel, (B) includes it. HCO decom- ®
031 H /[0l
poses very fast under the experimen
tal conditions.
@® measurements.
02
®
01
2 ppm H2C0
T:2060 K
p: 21 bar
0 200 400 600 psec

froean

Chiang and Skinner have recently published data on the decomposition
of C3Hg and C3Dg (24). At low concentrations the H-atom profile was solely
determined by ic and 2a2:

(M) + C3H8 13 CHj3 + CoHg + (M) and CyHg 232 C2H + H. Since Czns-decomposes
very fast in the time scale of this experiment, the H-atom profile gives the
rate of lc. As to be expected, 1lc was found not far from the high pressure
limit, therefore M has been written in brackets.

Now the fairly complex reactions of CH3 will be discussed a little more
in detail, because the potential and the limits of the L(a)-technique can be
demonstrated investigating these reactions.
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According to the work of Glanzer et al (25) C2H6 decomposition may serve
as a fast and clean source of CH3 radical production at temperatures above about
1800 K. It is easy to predict the decomposition of CH3 near the low pressure
limit, when for example the theory of unimolecular decay for the case of weak
collisions is applied. The most useful version was presented by Troe (30).

It was calculated that at temperatures lower than about 2200 K and initial con-
centrations of 1 to 3 ppm CyHg practically no H-~atom production should be ob-
served in our apparatus. This was later confirmed by H-atom measurements of the
CH3 decay at very low initial CH3 concentrations (2 to 4 ppm) and temperatures
above 2400 K. (33, 22).

Experiments (26) done between 1800 K and 2200 K showed a fast, and within
400 to 600 usec, linearly with the time increasing H-atom production. Further,
it was found that the H-atom production rate depended to the square on the
initial concentration of CHj. This led Roth and Just (26) to the following
principle reaction scheme:

M + CoHg g 2CH; + M (very fast)
(M + cuy 23! CH, + H + M) important at T > 2200 K
2CH; 3 CoHy + H
s CoH, + Hy
s CH, + CH,
H+CHy $ cup+Hy
CHy + CHy 3 C,Hy + H (very fast)

The linear increase of H~atoms disregards immediately a mechanism based solely
on 7c and 9, since in this case H isa secondary product and therefore dH/dt
ahould start with zero around t = o. Fig. 4. When assuming the back reaction

: a + CHy + 2CH, as a fast ona with a rate coefficient on the order of
2 x 10l cm3/mol sec at 2000 K, then 7c cannot be faster than about
3 x 10! cm 3/mol-sec at 2000 K. We may compare J¢ with a similar H-atom trans-
fer reaction: 0O + CHy »+ OH + CH3, which has around 2000 K an activation energy
of about 14 kcal/mol. Then we estimate with ks _ = 6 x 10l4exp(-7000/T) and
with the help of thermodynamics a value for ke = 3.5 x 1013exp( 9680/T) .
Fig. 4 depicts measurements and some model calculations.

MoCH,*CszhM olx|x|x 6 ppm CHy
2CHy, — C,H, « 2H olx|x|x y K
Fig. 4. Reactions of the CHj3- “3-. cﬁ.nz ofolxln ) 1% bar
radical. ~= CH, +CHy Ixj0j0 0
X : channel is open ":“g::a"gz'czz ajojo|x
. — . X[joj{o|x
o: channel is closed My My 2% R

2CH3 + CyHg + H with fast decay
of CoH; determines the H-atom

production. (B) o .10
® measurements. {w}
3 Atoms/cn
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The calculated H-atom profile (A) with reactions 7c¢ and 9 looks rather different
from the measured one. Even when increasing the estimated values k7 ’ k?c by a
factor 3 the agreement becomes not better. The main channel for H—agom pro-
duction must be channel 7a with a fast further decomposition of CoHg into CoH,
and H. Channel 7a gives a linear increase of H with time (B). Inserting re-
actions 6 and 9 in the computer scheme has practically no effect, the same is
true for reaction 7b. 9 was measured at room temperature by Laufer and

Bass (28), 6 can be estimated according to the similar reaction H + CH,.

7b was approximately measured by Tsuboi (29). Due to the low initial concen-
tration of CHj3, the additional reactions, 7b, 6, 9 have practically no effect.
The computed curve (C) is indistimguishable from (B) in Fig. 4. Results for

7a at low CH3 concentrations were published by Roth and Just (26).

The situation changes drastically when experiments at higher initial CHj4
levels are performed. Fig. 5 shows an experiment with 40 ppm initial CH,.

-]

:.cua-ockzjnoMTox x| x| 40 ppm CHy
2CHy = CHe2H 1o lx{x x T 2057 K
- G eHy oo |x|x p 155 bar
== CH, +CH, xioilo|o
- . H ¢« CHy—~= Hy +CH, 0,0 0(x
Fig. 5. Reactions of the CHrCH,*C§H:°“ xjolojx
CHz-radical. ABCDO
x: channel is open s { 10
o: channel is closed (] ©0
Strong influence of 7 Atomsremd
2CH3->.C2H4 + H, can be 3
recognized. (C
« measurements 2 1 ®
1

0 200 4«00 600 Pso#m

Again the mechanism 7c, 9 fails completely to describe the experimental results.
When using only rate coefficient 7a, which has been obtained in (26) for low
CHj-concentrations, for simulating the measured H-profile, curve (B) is cal-
culated. The overshoot demonstrates clearly that for a proper fit of the ex-
perimental points some other CH; consuming mechanism, which does not produce
H-atoms must be active. Inserting a coefficient for 7b, not much different
from Tsubois value, results again in a perfect fit of the measured points (C).
Thus it was in this case possible to conclude independently from a separate
measurement of the CH3 profile that channel 7b must be open and contributes
under these conditions considerably. Finally we are left with the possible
contributions of 6 and 9.

It is reasonable to assume that the rate coefficient for 9 would be on the
same order at 2 K as it was found by (28) at 300 K. We assumed for
2000 K k., = 6-1013 which is the value given in (28). k6 can now be scaled such
that in combination with k9 again the fit with the experiments is perfect.
This led us at 2057 K to a value for k. of 2.2 x 1013cm3/mol-sec. We have
evaluated experiments with 6 and 40 ppm initial CHj3 concentration between 1850
and 2340 K. All experiments could be simulated with a fairly good fit by the
following rate coefficients (units: cm3, mol, K):

k7a = 8 x 10}%exp(-13400/T) (26)7 ko, = 2.1 x 10’ %exp(-9690/T); kg = 6 x 1013(28);

kg = 9 x 10! 3exp (-7600/T) ; kyy = 6.1 x 1015exp(-44910/T) (23);

11
k7c < 6 to 7 x 10",

- QallIT N o K 2




A

Kinetics Studied by UV Spectroscopy [65]

The sum of K4, * ko was measured by Tsuboi (29). Extrapolation to the
temperatures whichahe used, gave maximal deviations on the order of a factor
of 1.3 at the upper end of his temperature interval (T = 2000 K). The data
given here for k., , k. are preliminary values because we have not yet
finished our investigation, but the absolute values are very prcbably correct
within less than a factor of 1.5 to 2 in the investigated temperature range.

The limits of the ARAS technique are obvious in this example. The channel
7b could be only determined indirectly bychanging the initial concentration
of CH,. Conclusions on 7b would become more reliable, when direct measurements
of thé CH, profile under the same comditions were possible. Tsubois (29)
CH3 measurements, although performed at higher concentrations and lower
temperatures, gave us more confidence for our conclusions on 7b. Our model,
together with C,Hg decomposition, seems to predict his results fairly well.

4.2. EXPERIMENTS WITH ABSORPTION AT L(a) AND THE O-TRIPLET
HYDROCARBONS + O.

Shock heated N.,O may serve as a fast and clean source of O atoms above
about 1500 K. Since O + N,O -+ products is a slow reaction, we expect under the
typical conditions of ARAS experiments with N,0 < 100 ppm no interference.
However, when H-atoms are formed some influence of H + N20 + N, + OH at low
temperatures becomes noticeable (23). Roth and Just (27) were e first to use
N,0 as a source for O atoms in an ARAS experiment to study a more complex
hydrocarbon - O atom reaction. They investigated the reaction:

O + CH, + CH, + OH. The interpretation of the measured O and H-profiles was
straight forward, since only one reaction channel for O + CH4 is to be ex-
pected.

The great advantage of the ARAS technique with double measurements of H
and O profiles became apparent, when reactions were investigated, which showed
a multichannel behaviour of O + hydrocarbon. Again a simple general reaction
scheme can be used to facilitate the discussion. Most experiments were per-
formed with N, 0= hydrocarbon, or an excess of the hydrocarbon over N,O. This
ensures that in most cases during the first 100 to 200 usecs mainly contri-
butions of 0 + R H determine the O and the H-profiles. When O > R,H is chosen,
a faster increasing contribution from secondary reactions will be observed.

O production: M + NyO N, +0 + M .
(May be important at (
(H + N,O > N, + OH) T< 1700 Kk (23))
I) Primary attack of ia .
O-atoms : O +RH > RO +H
191 o
Rig * Py
lgi O o
Rai * Ry

II) Secondary reactions

with O : O+ P, 231 H + products
1i
2pi other products
j=0,1,2,3 O + R‘ji3aji H + products (ROO. is subs‘umed .%
$

under R;.)
i]
3b1i other products

-h:i;rj’f-."
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IIY) Additional reactions like the thermal decay of R _-H, P1 R R(f , the reac-
tions of H,0, molecular radicals R}, Rgi with R_-H etc. have Occasionally to
be taken into account.

In many cases we will have a multichannel type of reaction 1 to expect.
This implies through the multiple secondary reactions 2 and 3 a considerable
increase of reaction paths with increasing reaction time. This could make the
proper interpretation of the measured H and O profiles in particular for longer
reaction times extremely difficult. Therefore experiments must be designed so
that the main contribution to the H and O atom profiles is to be expected from
reactions 1 and only little frum 2 and 3. Extensive computer studies are often un-
avoidable prior to performing such experiments.

Simple interpretation of experiments was possible with O + CH3 (23). In
this case a good fit was obtained assuming only channel 1b:
O + CH, » H,CO + H to be open. Secondary reactions of type 2a: O + H,CO and

decay gf H2 0 had relative little effect on the O and H-atom profiles.

The double measurements of H and O-atom profiles gave interestingresults
for two recently investigated systems. Roth and coworkers studied O + HCN (31)
and O + C,H, (32). In both cases one expects a multichannel type of reaction 1.
This was confirmed by the comparison of O-atom consumption and H-atom pro-
duction. In both cases in the early stages of the reaction more O was con-
sumed than H produced. Further, the observed H-atom profile was typical for
a direct formation through a reaction of typ? la. Roth and coworkers were able
to evaluate rate coefficients for: O + HCN OCN + H and the sum for re-
actions of type 1b and 1lc as well as O + c2H % HC.0 + H and again the sum of
types lband 1c¢. In the latter case Roth et ai have assumed that the sum is
mainly determined by 1b: O + C H2 + CO + CH, which is known from other ex-
periments. Since CH, undergoes %ast reactions with O, the computer modeling
of the O-atom profiies required the inclusion of reactions of type 3. It was
found that a reaction without forming H-atoms gave the best fit in particular
for the later parts of the H-atom profiles. Thus it may be that CH, + O gives
under the experimental conditions mainly products like CH + OH or perhaps
CO + H2, and produces only to a smaller percentage H-atoms via HCO + H.

4.3. HYDROCARBONS + O2
Of course, it is possible to investigate reactions with hydrocarbons
and O, at elevated temperatures behind shocks with the ARAS technique
following H-and O-atom r.cofiles. The discussion of the results becomes re-
latively difficult, since here we can study only secondary reactions, except,
when the O_-hydrocarbon reaction by chance is a fast one. Very strong in-
fluence of H + O, + OH + O has to be considered (18, 23). Results for
CH4 + 0, (18) and CH, + 02 (23) were reported. Some inconsistencies concerning
CH, + O& were found ?23). They are mainly caused by the very complex reaction
system CH,-O,. A better designed experiment, starting for example with CH.OH
will probably clarify the problems with CH, + OH. They are discussed to some
extent by Bhaskaran et al in Reference 23.
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BLAST WAVES GENERATED BY ACCIDENTAL EXPLOSIONS

Roger A. Strehlow
Aeronautical and Astronautical Engineering Department

Unive?;ity of Illinois at Urbana-Champaign, Urbana, IL 61801

As a basis for the discussion of the blast waves
produced by accidental explosions the structure of the
blast wave from an ideal explosion and the mechanisms by
which such a blast wave produces damage will be discussed.
Next, some general results concerning the manner in which
nonideal source behavior produces nonideality of the
blast wave will be presented with examples. Finally,
accidental explosions will be grouped into nine different
types depending upon the nature of the source behavior
during the explosion and the events that lead up to the
explosion. The nature of the blast wave produced by each
of the different types of accidental explosions will then
be discussed with examples as appropriate to illustrate how
the mechanisms involved in accidental explosions affect
the blast waves produced by these explosions.

INTRODUCTION

In the past 10 to 15 years there has been a considerable increase of
interest in accidental explosions of all types and the hazards they pose
to structures and people in their immediate vicinity (1). This increased
interest has led to a considerable amount of activity to characterize the
nature of the various accidental explosion processes that can occur and
the danger associated with internal explosions, the production of primary
and secondary fragments, radiation damage from a fireball and last, but not
least, the blast wave produced by the explosion (2). This paper will focus
on our current understanding of source behaviors that lead to nonideal blast
waves as well as the nature of the blast waves produced by various types of
accidental explosions.

IDEAL BLAST WAVES

All free t 1d blast waves whether ideal or not are simple waves travel-
ing away from the source region. Point source, nuclear or bare charge
spherical high explosive explosions all produce blast waves which have
essentially the same structure at distances from the source where thc max-
imum pressure in the wave is less than about 100 atmosphcres (3). These
**ideal’ waves consist of a lead shock wave followed by a rarefaction fan which
causes the pressure to fall slightly below the ambient pressure before it
rebounds to the initini atmospheric pressurc. Since the wave is simple the
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flow associated with the wave is uniquely related to the local pressure in
the wave. Specifically, the flow is outward when the pressure is higher
than ambient and inward when the pressure drops below ambient.

The three properties of an ideal wave which cause damage are the maximum
overpressure, the positive impulse I, where I, =§ Pdt from the time when the
shock arrives until the pressure first returns to ambient and the flow
velocity associated with the wave (2). Sachs (4) showed theoretically and
it has been verified experimentally (5) that the first two of these three
properties scale to an energy scaled radius. Specifically, at any distance
from the source, R, the quantities P = (P_ - Po)/Po and I = (I+ ao)/(El/3po %

scale to R where R = R/R_and R_ = (E/P.) /3. “Here E is the total energy
of the source and Po is °the 1lofal atmogpheric pressure.

The mechanism by which a structure is damaged by a blast wave is different
for each of the three properties described above. If the duration is very
long compared to the response time of the structure, the structural elements
are deflected to about twice the extent that they would be if the pressure
(now a reflected shock pressure) were applied statically. In this case the
strain energy in the structure can be equated to the potential energy stored
by the deflection and damage occurs when this amount of energy is sufficient
to cause plastic flow and therefore permanent deformation. If the duration
is very short relative to the characteristic response time of the structure,
the impulse of the wave determines the amount of kinetic energy imparted to
the structural elements and this kinetic energy can be equated to the strain
energy that will ultimately be stored in these elements. In this impulsive
limit the overpressure in the shock has no effect on damage (6).

The third damage mechanism is related to a drag force which first arises
because it takes a finite amount of time for the shock wave to reflect,
refract and engulf the body and then continues because the body is immersed
in a high velocity flow field. Structures that are particularly vulnerable
to this type of damage are light standards or unattached bodies like trucks
or people. In the latter case, damage is caused by tumbling or gross dis-
placement (2).

NON-IDEAL BLAST WAVES

Most accidental explosions generate a blast wave whose structure is
different from the structure of an ideal blast wave. Theoretical, numerical,
and experimental work has shown that the differences are directly related to
the way that energy is added to or initially distributed in the source region.
To illustrate the differences three example spherical source regions will
be considered. These are an idealized bursting sphere, the ramp addition
of energy (representing a spark) and spherical deflagrative and detonative
addition of energy. Additionally, there will le a brief discussion of the
eficcts of non-spherical deflagration in a source region.

The burst of a pressurized frangible sphere containing an ideal poly-
tropic gas has been studied numerically (7) and experimentally (8). All
the numerical calculations described here (including that for bursting spheres)
used a one dimensional finite difference artificial viscosity computer pro-
gram in spherical coordinates to follow the flow associated with specific
source behaviors (9). For the bursting sphere studies the calculation was
started with the source region at a series of high pressures and different
temperatures. It was found that when the energy in the sphere was calculated
using Brode's (10) formula, E = (Ps - Po) V/(y - 1),vwhere V is the sphere

volume and y is the heat capacity ratio of the polytropic gas in the sphere,
the sphere bursts produced a blast wave whose pressure was never larger than
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that calculated using the shock tube bursting pressure cquation and decreased
monotonically as the shock propagated away from the source. Furthermore,

for high pressure sphere bursts the shock pressure asymptotically approached
the energy scaled overpressure curve for a high explosive charge. However,
for sphere pressures less than about 6 P,, the shock overpressure curves

did not reach but paralleled the high explosive curve. In other words, far
field equivalency in overpressure was lost.

Two other general behaviors of the blast wave from a bursting sphere
are 1) positive phase impulse always scales with source energy using
Sachs' scaling (this is generally true for all spherical non-ideal explosions)
and 2) the negative phase impulse for spheres with low energy density (i.e.,
with internal pressures below about 100 atmospheres) is always very large
when compared to the negative phase for an ideal blast wave. It is in
fact more than one half of the positive phase impulse. Furthermore, this
negative phase is followed by a relatively strong shock wave whose amplitude
is approximately 1/3 of the amplitude of the initial shock in the blast wave.
This is illustrated in Figure 1 which is experimental data obtained from a
bursting frangible sphere. A complete set of pressure distance curves for
a number of equally spaced times after sphere burst is shown in Figure 2.
Notice from Figure 2 the large rarefaction fan propagating to the center, the
very large pressure spike produced at the center, and the second shock
propagating away from the center. Brode and Chou et al (11) showed many
years ago that an extended source such as a bursting sphere exhibits this
behavior.

It was also observed that the dimensionless overpressure-scaled distance
curves for the different initial sphere conditions paralleled each other
when plotted against R. Furthermore, dimensional analysis showed (8) that
for idealized sphere bursts one must know the sphere source energy, E, the
sphere pressure, PS/PO, the internal velocity of sound of the gas in the
sphere relative to that of the surroundings, ag/a,, and the heat capacity
ratio, Y, of the gas in the sphere to uniquely determine the initial shock
pressure and sphere radius on a (P, R) plot. With this information the
(P, R) nomograph that has been constructed can be used to determine the
blast wave overpressure produced by any idealized bursting sphere (7).

Numerical calculations have been performed to study the ramp addition
of energy (12). In this case, energy is added in a spatially uniform
manner to the entire source region at a rate which is growing exponentially
with time until the maximum amount of energy is added. Figure 3 shows
that in this case a compression wave is first generated which steepens
into a shock wave some distance from the source. Figure 3 also shows the
effect of finite source size, because it clearly shows the rarefaction fan
propagating towards the center of the source region as energy is being
added to the source region. A systematic study of the effect of energy
density (defined at E/C,T,) and dimensionless time of energy addition
(defined as a characteristic time for energy addition divided by a
characteristic acoustic transit time for the source region, t, = r,/a,
where r, is the initial radius of the source region and a, is the
initial velocity of sound in the source region) was performed. This
showed that, irrespective of the nonideal behavior of the blast wave close
to the source region, source regions which had both a high energy density
and a very short dimensionless rate of heat addition exhibited far field
equivalency in overpressure and produced a blast wave which was indistin-
guishable from that produced by an ideal source. However, when energy
density dropped to about 8 or 9, and dimensionless rate of energy addition
increased to about unity, far f‘eld equivalency in overpressure was lost.
In other words, the overpressure scaled distance curves were all below
those of an ideal explosion with the same total source energy. As in the
case of bursting sphere the far field positive impulse was equivalent to that
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of an ideal wave on an energy scaled
basis.

Numerical (13) and experimental (14)
studies have been performed on the o~ N
blast wave propagating away from a \l
centrally ignited deflagrative or
detonative explosion of a gas mixture
initially at ambient pressure (15).
The calculations have shown that at
a radius of about three times the
actual combustible sphere radius, the
blast wave becomes equivalent to that ‘4 F"O 2 ms
produced by an ideal explosion, if :
| the initial explosion is centrally

ignited and is either detonative or
: deflagrative with a normal burning
| velocity of more than approximately
f 1/8th of the initial velocity of
L sound. These calculations also show
|
b

16 kpa —]
e
\

that when the burning velocity drops
to approximately 1/16th of the initial
velocity of sound, far field over-
pressure equivalency is lost and the
| i blast wave no longer contains a

Ovarpressure

lead shock wave but instead consists
of a simple compression wave propa-
gating away from the source region.
This is shown in Figure 4. For
lower burning velocities than this,
the overpressure in the wave is
extremely low and can be modeled by

-

using an adaption of Taylor's (16) Figure 2
| ‘ original analytical solution for the 0
blast wave produced by a sphere o 0
! expanding at constant velocity. This 3
behavior is shown in Figure 5. g 20 //:;
o /
: The blast wave produced by low & 'O ///v————— ‘
v velocity deflagrative combustion of ‘ Z ]
. ? a non-spherical source has also been /J ///,
4 studied (17). In this case the —
§ acoustic principle first enunciated \\\\ 02 ,_/rﬂﬂ/
4 by Stokes (18) in 1849 has been timg o)
‘ 4 applied by assuming that the deflagra- ) ~
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Blast Waves by Accidental Explosions

When this is done, one finds that
the maximum overpressure that one can Qo r—T—r— T T T T 7
obtain from deflagrative combustion

is a function of the aspect ratio

of the source region and decreases 100
very rapidly with increases in
aspect ratio. This is shown in
Figure 6. This theoretical obser-
vation has been verified by experi-

mental studies in which combustion 10
of a spherical soap bubble was initi-

ated near the edge (19). In this ps
case, the acoustic overpressure was
considerably lower than the acoustic ol

overpressure when the soap bubble

was initiated centrally. The reason

why this is true is that in spherical
coordinates the maximum overpressure

occurs when the product of the burn- Q.01
ing velocity and flame area exhibit

the maximum rate of increase. The 0.0!
theory yields the conclusion that no
overpressure is generated in spherical R
coordinates by a flame of constant
area which has a constant burning
velocity.

ACCIDENTAL EXPLOSIONS 1o Y T T

When accidental explosions are
classified by source behavior, one
finds that there are nine major types
that can occur (1). These are:

1. condensed phase detonations.

2. combustion explosions of
gaseous or liquid fuels in
enclosures.

3. combustion explosions of
dusts in enclosures.

4. boiling-liquid-expanding-
vapor-explosions (BLEVEs).

5. unconfined vapor-cloud
explosions.

6. explosions of pressurized
vessels containing non-
reactive gases.

7. explosions resulting from chemical reactor runaway.

8. physical vapor explosions.

9. explosions resulting from nuclear reactor runaway.

Figure 6

The blast waves that are generated by each of these different types of ex-
plosions are quite dependent on source behavior and therefore, are different
from explosion to explosion. Some general statements can be made, however.
In the following each type of explosion will be discussed separately.

Condensed phase detonations produce a blast which is nearly ideal based
on the total energy that is available from the source region, If there is
considerable confinement, one must take into account the energy impart to
the confinement by the explosion and if the explosion occurs at ground level
(most do), the energy involved in cratering must be included. Ground level

(73}
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reflection with no cratering would cause the blast wave to appear as if the
explosive energy were twice the actual amount of explosive involved. With
cratering the usual multiplying factor is taken to be 1.8 (3).

Combustion explosions of gaseous or liquid fuels in enclosures show two
distinct limit behaviors. If the enclosure has a low length to diameter
ratio (L/D < 6) and if there are not too many obstacles in the path of the
flame, the pressure rise in the enclosure will cause the enclosure to relieve
itself at a relatively low overpressure. For example, buildings will fail
at 2 to 3 psi overpressure whereas the explosion, if allowed to rum its course,
would generate at least 90 psi. Under these circumstances, the building is
usually completely destroyed by the explosion but pi&ces are not thrown very
far. Also because the source pressure never gets very high the blast wave is
minimal. Generally speaking, people close to the source do not hear a blast
wave in this case. They simply feel an impulsive flow of air as the explosion
process displaces the atmosphere around the explosion source. In the other
limit case, when the L/D is large, or when there are many obstacles in the
path of the combustion wave, turbulent boundary layer growth and eddy shedding
cause flame accelerations to occur which can lead to generation of pressure
waves and shock waves in the enclosure. In severe cases the acceleration will
be violent enough to actually cause the flame system to make a transition to
detonation. In this limit case damage is localized but very severe. Fragments
can be thrown large distances and the blast wave that is produced can be quite
intense. These are, however, extended source volume explosions (i.e., they
have a low energy density) and therefore the blast waves from this source
always exhibit a strong negative phase. Because of this it is quite common
to see negative phase damage on structures that are close to the source

‘ region, when this type of explosion occurs.

Combustion explosions of dusts in enclosures have the same L/D limit

4 behaviors as a combustion explosion of vapors and gases in enclosures and

the blast waves that are produced by such explosions are of the same type
’ as those produced by explosions of gases or liquid fuels in enclosures. There

is a difference, however, in the way that these explosions occur inside the
enclosure. In order for a dust to form a combustible mixture in air, the
extinction coefficient of the suspended dust relative to light transmission
must be of the order of 30 cm. This is such a high concentration of airborne
dust that it could not be tolerated on a continuous basis in the work place. )
Nevertheless, disasterous secondary explosions do occur in industries that
handle organic or metal dusts. These always occur because the work place
was allowed to become quite dirty and a primary explosion in a piece of
equipment produces a large external fireball and air motion ahead of it
which picks up the dust in the work place and propagates the explosion
throughout the work place.

Boiling-1liquid-expanding-vapor-explosions (BLEVEs) (20) occur when a
ductile tank containing a flash evaporating liquid at high pressure is heated
externally until the tank tears open. The blast wave in this case is usually
not considered to be dangerous. It has been shown experimentally that a
bulk quantity of flash evaporating liquid when suddenly exposed to atmospheric
pressure evaporates so slowly that the evaporation process cannot contribute
to the blast wave (21). Therefore in this case, the blast wave arises only
from the vapor space above the liquid in the tank. In this case the maximum '
blast wave strength can be estimated if one knows the size of that vapor space
and treats the explosion as a bursting sphere with the vapor space volume
and initial pressure. The real danger in BLEVEs is 1) the flash evaporating
liquid can cause rocketing of pieces of the tank to large distances and
2) if the contents of the tank are combustible and catch on fire immediately,

a large fireball can be produced, which can injure and kill people by radiation
and start new fires some distance from the original fire.
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Unconfined vapor-cloud explosions occur when there is a massive release
of a combustible hydrocarbon in the atmosphere with delayed ignition (22)
(ignition delays from 15 seconds to 30 minutes are common with this type of
accident). In this case a large cloud of combustible mixture of the fuel
with air is formed and ignition can either lead to a very large fire or a
very large fire plus an explosion which causes a damaging blast wave to form.
There is mounting evidence that a damaging blast wave occurs only if the
initial flame propagation process accelerates until either rapid volumetric
combustion or some sort of supersonic combustion or possibly detonation occurs,
Recently, it has been shown that one can produce transition to detonation
without heating the combustible mixture to the autoignition temperature (23).
All that is needed is a sufficiently large hot gas-cold gas mixing region
in a flame jet. Furthermore, the acoustic theory for high aspect ratio
source regions shows quite conclusively that deflagrative combustion as such
cannot produce the damaging blast waves that have been observed as the result
of vapor cloud explosions (17).

Explosion of pressurized vessels containing nonreactive gaseous materials
produce blast waves which can be treated in a rather straightforward manner
using the bursting sphere formulas that were discussed above. One can always
assume in this case that the bursting sphere formula will yield the maximum
overpressure that one could expect. This is because virtually all pressure
vessels are made of ductile material and ductile vessels tear only slowly
once failure starts. Thus the high pressure gas will be released at a slower
rate than if the vessel were a frangible vessel. If the vessel is frangible
there are ways to estimate kinetic energy imparted to the fragments and
this energy should be subtracted from the total stored energy in the vessel

‘ to estimate the blast wave structure using the bursting sphere formulas
described above.

' Explosions resulting from chemical reactor runaway occur frequently in

) the chemical industry. They are due primarily to the fact that the exothermic

: reaction that is being carried out in the vessel occurs too rapidly either

‘ ' because too much catalyst has been added to the system or because the cooling

system for the vessel fails. In either case, the pressure in the vessel
rises rather rapidly and if the vessel is not adequately vented, the vessel
explodes. In many cases these are ductile tears and the explosion can be
assumed to be a BLEVE. In most cases the blast wave, as such, is not severe, .
but damage to the local environment is because of the fragments that are (
produced and the danger of a major fire following the explosion.

Physical vapor explosions occur when a hot liquid or solid contacts a
cold liquid and causes very rapid vaporization of the cold liquid (24).
These explosions occur in the steel and aluminum industry where water is the
cold liquid and during the spill of liquid natural gas where water is the
hot 1iquid. ‘ithey can be quite severe. However, the blast wave that they gen-
erate is nonideal because of the extendel size of the source region. There
has been no experimental study of the structure of the blast wave produced
by physical vapor explosions.

Explosions resulting from nuclear reactor runaway fortunately have not
yet occurred. A nuclear reactor runaway cannot generate anything like a
nuclear bomb detonation. However, it can pressurize the containment vessel
to such a pressure that the vessel will burst, releasing its contents to the
outside atmosphere. In this case, the discussion of the blast wave and the
damage it produces would be moot because the release of long range radio-active
material would represent a much more serious catastrophe.

SUMMARY AND CONCLUSIONS

It has been shown that high energy density and high power density sources
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produce '"ideal" blast waves whose structure is related only to the total ener-
gy of the source region. It has also been shown that low energy density or
extended sources and sources in which the energy is added slowly produce non-
ideal blast waves whose primary deviation from ideality is the lack of far
field equivalency in overpressure. It has also been shown that these waves
contain a large negative phase following the initial positive phase and that
this negative phase is followed by a relatively strong second shock. Interest-
ingly, both theory and experiment have shown that for a spherical source
region, positive impulse is always predicted by simple energy scaling, ir-
respective of how nonideal the source behavior is.

Additionally, accidental explosions have been catagorized into nine types,
primarily based on the behaviors of the source regions during the explosion
process itself. The nature of the blast wave produced by each of these nine
types was discussed briefly.

It appears that we currently have sufficient information to either
evaluate the potential explosion hazard of any specific situation or to
evaluate the nature and course of the explosion after such an incident has
occurred. Furthermore, since the principles of blast resistant design are
now well understood, such design is being used more and more frequently in
locations where the potential for an explosion exists.

It appears that the most important avenue for new research relative to
the blast wave from accidental explosions is to study in some systematic
manner the effect of the explosion of highly nonspherical source regions on
the blast wave produced in the surroundings.
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1 An oscilloscope trace of the free field blast wave from a bursting
sphere containing air PS = §2.5 Atm. P = 0.40, R = 0.69.

2 The blast wave produced by a sphere initially at 9 Atm. pressure.
3 The blast wave produced by the ramp addition of energy.
4 The blast wave produced by a centrally ignited low velocity flame.

5 Scaled overpressure, P, versus energy scaled radius, R, for detonation
(curve D) bursting sphere (curve S) and various centrally ignited
flames. Curve P is for Pentolite (ideal wave). Numbers given on
the curves are the ratio S /a_ where Su is the assumed normal burn-

ing velocity and a, is the initial velocity of sound. The solid lines

(except for Pentolite) are the result of mumerical calculations. The
dashed lines were obtained by using Taylor's analytical solution for
an expanding sphere, suitably modified to replace the sphere by a
propagating flame. Note the good agreement with theory at S /a_ =
0.066 and 0.034, uwoo

6 Effect of the aspect ratio, AR, on the maximum blast wave pressure
rise for the deflagrative combustion of pancake and cigar-shaped
clouds. Cloud volume, normal burning velocity and observer dis-
tance from cloud center are all assumed to be constant from cloud
to cloud.
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An experimental investigation has been made of shock tube
operation when the "Cyclone" principle is used to separate
diaphragm fragments from the driver gasFor the free
piston driver used in these tests, this&olved a diaphragm
configuration which allowed the driver gas“Mo be injected
into the shock tube at right angles to the axis, with a
circunferential component of velocity. This greatly reduced
the level of model and test section damage due to diaphragm
fragments, and thereby extended the practical range of ex-
periments which could be performed in the shock tube. In
comparisons made with a conventional diaphragm configuration,
it was found that shock speeds were reduced at low diaphragm
pregiu.re ratios, but were increased up to values of 16 km

at

hi. dJ.aphra ressure ratios. Analysis of
pressure reg? gmsgock reflection showed that this was

associated with entmpy increases in the driver gas, arising
fram the nature of the diaphragm configuration, rather than
with the "cyclone" effect. Further tests confirmed that
satisfactory shock wave-contact surface separation was main-
tained, in spite of the circumferential motion of the driver
gas. It is concluded that the cyclone effect can be used
effectively without in itself significantly reducing the
shock tube performance.

INTRODUCTION

Diaphragm fragmentation is a problem particularly related to shock tubes
with high pressure drivers. If excessively large fragments are produced when
the main diaphragm ruptures, and are projected down the shock tube at high
velocities, they may inflict severe damage on models and associated equipment
located in the test section.

Such a situation occurred in adapting the free piston reflected shock
tumnel T3 at the Australian National University to non-reflected operation.
The expansion nozzle was aligned along the shock tube axis and, with a shock
tube 76 mMm. in diameter and a nozzle entry diameter of 36 mm., it was found
that very severe damage was sustained over a series of shots for any model or
instrument located in the test section within 18 mm. of the nozzle axis.
Whilst this did not constitute a fundamental limitation to use of the non-
reflected shock tunnel, it made it difficult to conduct many desirable exy ri-
ments involving models in the shock tube. i Cos .




AD-A122 200 PROCEEZDINGS OF THE INYIWTINL SYMPOSIUN ON SHOCK :/I‘

TUBES AND WAVES (13TH. . (U) CALSPAN mmcco TIMLNV
CENTER BUFFALO NY C € TREANDR BT AL.
UNCLASSIFIED AFOSR-TR-82-1031 F49629-81-C-0002 F/Q 20/1

'l!! EIE:E ﬁ;




Lo § i
2

l'rig
3 B

,,r,,,’,”!’;

llﬂl~' ke

s s, e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 ~ A




0N0022¢%

l

A SHOCK TUBE DRIVER WITH A "CYCLONE" SEPARATOR

* R.J. Stalker and ** R.P. French

* Department of Mechanical Engineering

2 University of Queensland, St. Lucia 4067, Australia

T ** Physics Department, Faculty of Science
i Australian National University, Canberra 2600, Australia

An experimental investigation has been made of shock tube
operation when the "Cyclone" principle is used to separate
diaphragm fragments from the driver gase~For the free
piston driver used in these tests, this 1ved a diaphragm
configuration which allowed the driver gas“Mo be injected
into the shock tube at right angles to the axis, with a
circunferential component of velocity. This greatly reduced
the level of model and test section damage due to diaphragm
fragments, and thereby extended the practical range of ex-
periments which could be performed in the shock tube. In
camparisons made with a conventional diaphragm configuration,
it was found that shock speeds were reduced at low diaphragm
presiure ratios, but were increased up to values of 16 km
at

high diaphra ssure ratlos. Analysis of
pressm:e reggrds afte..g:m that this was

associated with entropy J.ncreases in the driver gas, arising
fram the nature of the diaphragm configuration, rather than
with the "cyclone” effect. PFurther tests confirmed that
satisfactory shock wave-contact surface separation was main-
tained, in spite of the circumferential motion of the driver
gas. It is concluded that the cyclone effect can be used
effectively without in itself significantly reducing the
shock tube performance.

INTRODUCTION

Diaphragm fragmentation is a problem particularly related to shock tubes
with high pressure drivers. If excessively large fragments are produced when
the main diaphragm ruptures, and are projected down the shock tube at high
velocities, they may inflict severe damage on models and associated equipment
located in the test section.

Such a situation occurred in adapting the free piston reflected shock
tunnel T3 at the Australian National University to non-reflected operation.
The expansion nozzle was aligned along the shock tube axis and, with a shock
tube 76 mm. in diameter and a nozzle entry diameter of 36 mm., it was found
that very severe damage was sustained over a series of shots for any model or
instrument located in the test section within 18 mm. of the nozzle axis.
whilst this did not constitute a fundamental limitation to use of the non-
reflected shock tunnel, it made it difficult to conduct many desirable experi-
ments involving models in the shock tube.
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Scored diaphragms were tried but proved unsatisfactory, yielding some
residual fragmentation, and displaying unacceptable inconsistency in burst
pressure. Presumably, this was due to the rapid loading of the diaphragm which
is associated with a free piston driver.

The energy of the diaphragm fragments was such as to suggest that they were
being accelerated by the driver gas flow. Thus, in the absence of a satisfac-
tory method of preventing diaphragm fragmentation, same means of removing the
diaphragm fragments from the driver gas became necessary. Since the "cyclone"
principle has been widely used for particle separation in industry for many
decades (ref. 1) it seemed reasonable to attempt to apply it to the present
problem.

The details of this attempt are reported in this paper. The manner in
which the main diaphragm arrangement was modified to allow exploitation of the
cyclone principle is described, and a qualitative appreciation of its efficacy
in reducing fragment damage is given. Its effect on the gas dynamic behaviour
of the shock tube is also discussed.

DIAPHRAGM ARRANGEMENT

The cyclone separator is an inertial separator in which the gas is passed
tangentially into a cylinder, yielding a circular gas motion which tends to
"centrifuge” solid particles to the walls. In order to realize this effect in
the Australian National University shock tunnel -~ shock tube facility T3 (ref.2)
the main diaphragm arrangement was modified as shown in fig.l.
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The facility incorporated a large area reduction at the diaphragm, passing
fram a driver diameter of 300 mm. to a shock tube diameter of 76 mm. In its
conventional arrangement, shown in fig. 1l(a), a diaphragm was placed at the
entrance to the shock tube, and was clamped by a pressure plate. In the mod-
ified arrangement, shown in fig. 1(b), the diaphragm was clamped between a
pressure plate and a diaphragm backing plate, each of which contained six
orifices, 38 mm. in diameter. The orifices were offset fram the centreline of
the shock tube, and were equally spaced on a pitch circle diameter of 114 mm.
The six orifices were aligned with the six deflection cavities in the cavity
plate. As shown in section BB of fig. 1(b), these cavities led to the shock
tube, with the cavity exits shaped to impart a circumferential component of
velocity to the driver gas as it passes from the cavity to the shock tube. The
vortex generating cavity plate was followed by a copper striker plate, which
was intended to catch any fragments leaving the diaphragm at high velocity as
it ruptured.

Some tests were also conducted in a smaller facility, T2, which is a
scaled down version of T3, involving a driver diameter of 76 mm. and a shock
tube diameter of 22 mm. The same modified diaphragm arrangement was used, with
an appropriate reduction in scale.

A rough estimate of the relative magnitude of the circumferential velocity
camponent of the driver gas as it enters the shock tube may be made by refer-
ence to Fig. 1(c), where the dimensions of a cavity are shown. It will be
noted that the portion CD of the cavity wall is straight and parallel to a line
drawn from the centre of the circle forming the rest of the cavity wall to the
axis of the shock tube. Assuming that gas enters the cavity with no radial or
circumferential component of flow, it follows that the mean flow direction of
the gas as it passes into the shock tube is that of the resultant force exerted
by the pressure at the cavity walls. The pressure at the walls will be approx-
imately uniform, except owver the sections AB and CD, where it will fall as the
gas accelerates towards the cavity exit. In order to impart a net clockwise
nmotion to the gas, the pressures along CD must be less than along AB. There-
fore, an overestimate of the circumferential component of velocity may be cb-
tained by neglecting the pressure on CD, and assuming that the pressure is
equal to the cavity pressure along AB. This yields the result that the cir-
cunferential velocity is less than 40% of the radial velocity as the driver gas
enters the shock tube.

For consistent operation of the shock tube, it is desirable that the
diaphragm open fully on all six orifices, and that diaphragm rupture occur sim-
ultaneously at all six. Inspection of multiple orifice diaphragms after rup-
ture indicated that all six orifices opened fully, exhibiting individual rup-
ture patterns which were qualitatively similar to the single orifice diaphragm.
A test was also conducted in which the compression tube was fired at conditions
producing a peak pressure within 85% of the diaphragm rupture pressure, without
actually causing rupture. it was cbserved that nearly equal yield occurred on
all six orifices, with the displgcement of the initially flat diaphragm at the
centre of each orifice varying by only :4% about a mean of 0.38 orifice Qiam-
eters. Comparison of diaphragm kinetic energy and strain energy of deforma-
tion during yield at the rate of pressure rise experienced in the test indica~
tad that the diaphragm was essentially statically loaded. Thus, if it was
assumed that the diaphragm distorted at each orifice as a spherical surface,
and ruptured at a fixed distortion level, then the variation of 4% at the
centre of the diaphragm could be interpreted as a variation of t1% in the
rypture pressure. Since the pressure near rupture was varying at a rate of 1%
in 30u sec., this indicated that rupture was simultaneous to within a time of
the order of 60u sec. During this time, the shock wave travelled only lm. of
the 8m. shock tube length at the highest shock speed tested.
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DAMAGE REDUCTION

Use of the cyclone effect has led to marked reductions in the level of
damage due to diaphragm fragments. Damage to models mounted on the axis of the
shock tube is confined to a mild 'sand-blasting' effect, coupled with an impact
by a small diaphragm fragment in every 20 to 30 shots. Fig. 2. demonstrates
this improvement, showing the damage sustained by the hardened steel replace-
able leading edge insert for the axi~symmetric supersonic-hypersonic expansion
nozzle used in non-reflected shock tunnel operation. The insert on the left of
the photograph displays the damage sustained in approximately 80 shots with a
conventional diaphragm arrangement, whilst that on the right demonstrates the
much lower level of damage associated with twice that number of ahots using the
modified diaphragm arrangement.

In order to confirm that the cyclone effect was an important factor in
reducing da.age, some experiments were conducted in the T2 facility with the
vortex cavity plate replaced by a radial flow cavity plate in which the flow

was directed towards the axis of the shock tube i.e. the circumferential com-
ponent of flow was eliminated.
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FIG. 2. FREDUCTION OF DIAPHRAGM FRAGMENT DAMAGE

A copper disc was placed at the downstream end of the shock tube and, after four
shots, was severely pitted by diaphragm fragments. The vortex cavity plate was
then replaced and a new copper disc inserted. A further four shots yielded
less pitting of the copper disc, with the pitting oonfined to a region close to
the walls of the shock twbe. This is consistent with a cyclone effect, which
is centrifuging the larger diaphragm particles to the walls of the shock tube.
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SHOCK SPEED MEASUREMENTS

Use of the multiple orifice arrangement, inwolving radial injection of the
driver gas into the shock tube, may be expected to produce a strong "vena con-
tracta" effect, and thus act as a throttling orifice at the entry to the shock
tube. It may also be expected to generate shock waves, which lead to an en-
tropy rise in the driver gas.

These effects will influence the shock tube performance in a manner which
is difficult to model "a priori". However, it is possible to make an overall
assessment of their influence by measuring a range of shock speeds for a given
driver condition and using these to deduce the driver pressure and speed of
sound for an equivalent constant area shock tube - i.e., one which yields the
same shock speeds over the range studied.

Results of such measurements in T3 are presented in fig.3. These tests
were conducted with a main diaphragm rupture pressure of 750 atm., and a driver
gas voluretric compression ratio of 83, as estimated from the ratio of dia-
phragm rupture pressure to the pressure of the driver gas before compression.
The associated speed of sound in_the helium driver gas at diaphragm rupture can
then be calculated as 5.04 km.s 1. A nurber of different test gases were used,
and so the shock speed is most conveniently plotted against the initial test
gas density in the shock tube. The shock speeds were averaged over a distance
of 3.5 m to 5.5 m. from the main diaphragm, vmerethestmkspeedattemzatlon
was typically 5% per metre. It can be seen that the measurements are consist-

t gith an equivalent driver pressure and speed of sound of 150 atm. and 7.5
km.s - respectively.
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These results may also be compared with those pertaining to a single
orifice diaphragm. For exanple, the predicted shock speed variation may be ob~
tained for such a configuration by assuming ideal shock tube behaviour, with an
infinite area ratio contraction at the diaphragm, and using the diaphragm rup-~
ture pressure and speed of sound, as noted above, as driver reservoir condi-
tiong. This yields curve A in fig.3. However, as discussed in ref.3, the free
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piston driver with a single orifice diaphragm itself does not behave in an
ideal manner, and it is convenient to represent its behaviour also in terms of
an equivalent constant area shock tuwe. The appropriate equivalent driver
pressure and speed of sound may be obtained by reference to fig.4 of ref.3,
where the tailored interface shock Mach number and pressure after shock reflec-
tion are plotted against the driver gas volumetric campression ratio. Using
the pressure ratio at shock reflection, it is then possible to deduce the ocon-
ditions in the driver gas at the contact surface and hence, the equivalent
driver pressure and speed of sound. For the above diaphragm rupture conditions,
this yields values of 310 atm. and 6.0 km.s ! respectively, and leads to curve
B on fig.3.

It can be seen that, in comparison with either the ideal or the actual
single orifice diaphragm performance, the miltiple orifice diaphragm yields
shock speeds which are reduced at high initial shock tube densities, and in-
creased at low densities. This is associated with a reduction in the equiva-
lent driver pressure, and an increase in the speed of sound. The reduction in
equivalent driver pressure in itself is explicable in terms of an effective
area reduction at the entrance to the shock tube, arising fram the "vena con-
tracta" effect but, when considered in conjunction with the increase in sound
speed, it is clear that it must be associated, at least in part, with an in-
crease in the entropy of the driver gas. Noting that the equivalent driver
conditions are related to actual conditions in the driver gas at the contact
surface through an isentropic process, it is possible to calculate the entropy
change in the driver gas by using the non-isentropic relation (e.g. ref.4).

AS/Cv = (y-1) In (PR/Pe) + 2y In (ae/aR) (1)

where P_ and are driver gas pressure and speed of sound at rupture, P_and
a_ are the equvalent driver pressure and speed of sound, AS is the en
chRange, C,, the specific heat at constant volume, and v the ratio of specific
heats. For the multiple orifice diaphragm in fig.3., this yields as/C, = 2.4.

The entropy rise in the driver gas was explored further through a series
of experiments in T2, in which records were taken of the pressure at the end of
the shock tube after shock reflection. As shown in the wave diagram in fig.4.
(a), the shock tube was operated in the "equilibrium interface" condition, in
which the wave system produced by interaction of the reflected shock with the
contact surface is allowed to damp out, leaving the contact surface stationary,
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with a shock wave propagating upstream in the driver gas to-bring the driver
gas to rest. In the experiments, a wave passed fram the end of the shock tube
to the contact surface in less than 50u sec., a period which,as shown by the
typical record of pressure after shock reflection in fig.4(a), is relatively
short compared with the period for which pressure remains constant. Thus, by
measuring the pressure at 200 to 300y sec. after shock reflection, a value was
cbtained for P_, the pressure behind the shock wave which brings the driver
gas to rest at®the equilibrium interface condition. The pressure in the driver
gas upstream of this shock wave (i.e. the pressure at the contact surface)
oould be calculated from the shock speed and the initial shock tube pressure,
leading to the pressure ratio across the driver gas shock wave and hence, the
driver gas Mach number at the contact surface. In conjunction with the shock
speed, this yielded the contact surface velocity and speed of sound and allowed
calculation of the equivalent driver pressure and speed of sound. The entropy
rise in the driver could then be determined from eqn.(1l).

Results are plotted against shock speed in fig.4(b). For a driver volu-
metric compression ratio of 51, tests were conducted over a range of initial
shock tube pressures which allowed the Mach number of the driver gas at the
contact surface to vary from 1.0 to 3.2. It can be seen that the entropy rise
diminishes as the shock speed increases suggesting that, at least at the
higher contact surface pressures, part of the entropy rise is occurring in the
shock tube flow of the driver gas. This is oonsistent with the presence of a
strong "vena contracta" effect, and associated flow restriction, at the en-
trance to the shock tube, preceeding a steady expansion to the shock tube
cross-sectional area, followed by recompression of the flow through a moving
shock wave system. This is illustrated in fig.5.

VENA CONTRACTA MOVING
—] COMPRESSION CONTACT  SHOCK
WAVES SURFACE WAVE
/\L/ N7 \ll N/
D /'\ N /L
STEADY *

EXPANSION

RAAA

FIG. 5. TENTATIVE MODEL OF DRIVER GAS FLOW

Same tests were also made at a lower driver gas volumetric conmpression
ratio, and are presented in fig.4(b). They serve to indicate that the entropy
rise is also influenced by the driver gas wolumetric conpression ratio, a
factor which may, perhaps, be associated with the strong vortex generated by
the free piston as it travels down the compression tube (ref.5).

CYCLONE EFFECT ON SHOCK SPEED

As already noted, the circumferential component of wvelocity in the driver
gas as it enters the shock tube is less than 40% of the radial component.
Assumning that the gas velocity is no greater than the local sonic welocity, it
follows that the kinetic energy associated with the circumferential motion is
less than 4% of the stagnation enthalpy of the driver gas, an amount which is
unlikely to significantly affect the shock tube performance.

This was confirmed by measurements taken in T2 with the radial flow cavity
plate. In comparison with the vortex cavity plate, no detectable difference
could be cbserved in shock speeds or in the magnitude and time dependence of
the post reflection pressures at the downstream end of the shock tube.
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TEST TIME MEASUREMENTS

To confirm that the driver gas circumferential component of velocity did
not significantly influence the development of the contact surface, measure-
ments of test time were taken in T3 whilst it was operating as a non-reflected
shock tunnel. Time resolved spectra were taken of the visible radiation
emitted from the stagnation region of a hemispherically blunt body in the test
section. Tests were made with a mixture of 30% hydrogen and 70% neon as test

i
s \ \\MIRELS FIG. 6. TEST TIME MEASUREMENTS
Driver : He , Test gas: 30H2-70l!e
Distance from main diaphragm = 8m.
gas, operating at shock speeds such that the
o\\{ H_ and H, lives could be clearly cbserved
i g during test period. Arrival of the

contact surface was marked by the sudden
onget of impurity radiatiom.
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6 7 8 9 10 Results are conpared with theoretical
SHOCK SPEED (kms'} predictions in fig.6. The cross hatched
curve represents the test times estimated by
Mirels' theory (ref.6), modified to take
account of expansion nozzle effects, according to method of characteristics
calculations of the unsteady nozzle phenomena (ref.7). Assuming that the
theoretical times between arrival of the primary shock and the contact surface
represent the maximum which can be expected in the presence of shock tube
boundary layer effects, it can be seen that the circumferential motion of the
driver gas did not grossly affect the shock tube test time.

CQONCLUSION

The cyclone effect can be used to separate diaphragm fragments from the
driver gas in a shock tube without in itself significantly affecting shock
speeds or test times. In the present experiments, it was found that a rela-
tively small circumferential velocity, involving an energy component which was
less than 4% of the driver gas reservoir enthalpy, was sufficient to dramatic~
ally reduce the level of damage caused by diaphragm fragments. Although
changes were cbserved in the shock speed, it was found that they were associa-
ted with the use of a multiple orifice diaphragm. This caused an entropy rise
in the driver gas, by virtue of both the canplex flow situation at the entrance
to the shock tube and the possible recompression shock system in the shock
tube.

Although the experiments were conducted in a free piston shock tube, they
suggest that the same basic method may be effective in removing diaphragm
fragments in more conventional configurations. However, no tests have been
conducted to substantiate this view.
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A NEW, DIAPHRAGMLESS, FLEXIBLE, LUMINOUS SHOCK TUBE

Yong W. Kim

Department of Physics
Lehigh University
XJ Bethlehem, Pennsylvania 18015 U.S.A.

A new pressure-driven shock tube has been designed, incor-
porating a spring-loaded ball valve in lieu of a diaphragm.
One rigid driver section is used to generate shock waves
simultaneously in one or more flexible driven sections.
Long fliexible copper tubings have been used as a driven
section with a square cross-section test section. Luminous
shocks have been successfully produced in air, argon and
xenon for tubings as small as 1.78 mm in inner diameter and
well over 1000 in length-to-radius aspect ratio. urther-
more, the tubings have been bent into arbitrary apes with
radius of curvature as small as ten tube radii without
measurable degradation of shock tube performance. A large
portion of the driver gas is recovered after each shot and
the driven section remains free of contamination by expos-
ure to the atmosphere and diaphragms. Coupled with the
flexibility and the unprecedented reproducbility, this
feature makes the shock tube well suited for a wide range
of quantitative spectroscopic applications. A detailed
analysis of the exact relationship between the valve char-
acteristics and the shock wave properties is given.

mP0OQ229

INTRODUCTION

Historically, pressure-driven shock tubes have remained rigid, rectilinear
and uniform in crosssection to a high degree of precision. Due to their early
successful applications for studies of flows past bodies, the shock tubes are
generally large in crosssection and long and consequently, they require large
space and command special measures to adapt diagnostic instruments to the pe-
culiarities of a given shock tube. There are also the matters regarding dia-
phragms: While relatively simple to provide, they are used only once and
their rupture characteristics difficult to predict precisely, thus leading to
a degree of uncertainty in the reproducibility of given experiments. Dia-
phragms are alsc cne of the main sources of contamination of the driven sect-
ion and contribute to poor duty cycle of the experiment. Many ingeneouys de-
signs for speedier diaphragm changes have been advanced and used but the prob-
lems such as diaphragm debries and poor reproducibility remain.

Shifts in the emphasis to the shock tubes as a tool for studies of kin-
etics can help relax the above requirements of the pressure-driven shock tubes,
First of all, the crosssection of the driven section might be reduced drastic-
ally and this paves a way to give flexibleness to the driven section of a




—— e Tt SRS & P>

(90] Kim

shock tube. Earlier studiesl of shock attenuation and shock tube flow dura-
tion have established that due to the losses of shocked gas molecules through
the boundary layers of the primary shock flow the shock speed decreases sub-
stantielly below the ideal value and the primary shock flow fails to grow in
length linearly with the length of the driven section. This means further
that irregular events upstream near the diaphragm have little influence on the
uniformity of the shock tube flows near the endwall located far downstream.
Placement of a perforated %isc immediately downstream of the diaphragm to pro-
duce very weak shock waves® is an example of such an implication. Techniques3
of a splitter plate and a cookie cutter represent another such examples.

Following the above reasoning, the concept of a diaphragmless flexible,
luminous shock tube has been proposed, and successfully tested by construct-
ing such a shock tube featuring the full concept. The shock tube employs a
fast acting ball valve in lieu of the diaphragm and consists of one rigid cy-
lindrical driven section and one or more flexible driven sections, simultan-
eously driven by the single driver.

Results on hand thus far indicate that the new shock tube will be useful
for spectroscopic studies, as non-electric delay lines and for creation of an
extended gas dynamic laser medium. Aside from the inherent economy in space
and consumables such as the driver gas, the small size and flexibility make it
simpler to adapt the shock tube to specialized diagnostic instruments and un-
usual pressure or temperature environment.

In the following, we describe the construction of the shock tube and the
overall performance data. Comments on future improvements are given in the
end.

CONSTRUCTION OF THE SHOCK TUBE

The shock tube is equipped with a single cylindrical driven section of
2.22 cm inner diameter and 60 cm in length. The driven section can readily
handle high pressure gas of up to 135 atm in pressure and is connected direct-
ly to one side of the ball valve. On the other side of the valve a vacuum
manifold is connected to handle evacuation and gas mixing requirements. Up
to this point the inner diameter of the shock tube is maintained uniformly at
2.22 cm, including the valve in its open position. One or more flexible driv-
en sections are connec*ed to the manifold. Each driven section is terminated
with a test section having a flat endwall. The driven section consists of
uniform diameter copper tubing, varying in length from 25.4 to 122 cm. Three
differant tube diameters have been used: 1.78, 4L.76 and 7.94% mm. Up to three
driven sections have been connected to the manifold for simultaneous genera-
tion of up to three shock waves. The overall arrangement is shown schemat-
ically in Fig. 1.

These driven sections have been bent into differing shapes, some irregu-
lar and another helical, for most of their lengths, except for the last thirty
tube diameters or so which remained reasonably rectilinear. No apparent
changes in the shock wave characteristics have been observed when the radius
of curvature at some point in the driven section was reduced to as small as
ven tube radii.

Two different types of test sections have been employed: some of circular
crosssection and others of square crosssection. In the latter case, a coup-
ling has been used between the tubing and test section to effect a smooth
transformation of the crosssectional profile from a circle to square. All
test sections are machined out of plexiglas &nd polished to a transparent fin-
ish.
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Fig. 1. A schematic diagram of the diasphragm-
less, flexible, luminous shock tube
with three driver sections.

The final and perhaps the most critical element in the design of the
shock tube is the fast acting ball valve. The first valve used is the Whitney
7/8" ball valve (Model 60 series) with one change in design. The change en-
tails replacement of two molded gaskets, contoured to fit snugly over the
spherical surface of the ball, with two O-ringed flanges. This was done in
order to reduce the friction force on the ball and thereby improve on the re-
sponse of the valve to a sudden application of a torque. The valve handle is
linked to one end of an expansion spring and the other end of the spring is
anchored at a point along the driver section of the shock tube.

In operation, the valve handle is first armed to a closed position (per-
pendicular to the driver section) by means of & cocking bar and then fired by
releasing the bar. In this manner, the valve is initially given the maximum
torque for fast action and settles down to an equilibrium full-open position '
without requiring any breaking action., We note that in order to insure the
reproducibility of the firing action the cocking pin on the valve handle is
fitted with a ball bearing sleeve.

The valve has worked well right from the first trial as far as the primary
objective of producing luminous shocks in the flexible shock tube is concerned.
As the use of the valve continued, the valve opening time begar to show an in-
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creasing scatter due to a wear on the shaft which links the valve handle to
the ball. The original stainless steel shaft is packed only with an O~ring
and three plastic washers and gradually developed the wear by coming into con-
tact with the stainless steel body of the valve. Consequently, a modification
has been made to the valve by replacing the original shaft with a new shaft
which is supported by two ball bearings and sealed with an O-ring. Further-
more, a second shaft of similar design has been added tc the opposite side of
the ball. In this way, the ball becomes completely supported independently of
the two main O-rings mentioned earlier, thus reducing the driver pressure de-
pendence of the valve opening time. Fig. 2 shows schematically the details cf

T

|+

Fig. 2. An exploded view of the fast acting ball
valve. B denotes ball bearing sleeves for
the shafts supporting the valve ball.

the modified ball valve. This improvement has helped stabilize the perform-
ance of the valve, although there still remains some degree of dependence on
the driver gas pressure. This aspect is further discussed in the next sect-
ion.

In operation, the shock tube does not need to be exposed to the atmosphere
at all. After each firing, the ball valve is closed by returning the valve
handle to the armed position, the driver gas trapped in the driven section re-
leased and the driven section evacuated and refilled with a measure of the
driven gas, Much of the driver gas is recovered at high pressure, usually
better than at 85% of the original pressure, in the process. Due to the small
volume of the driven sections, the pumping time for evacuation is short, thus
improving the duty cycle of the shock tube immensely.

The initial shake-down period of the shock tube is relatively brief. Sev-
eral shots loosen up, and bring down to the endwall, the oxide deposits on the
inner tubing surfaces. After these are cleaned up once or twice, the test
section remains clean for a large number of runs to follow.

1 .
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PERFORMANCE OF THE SHOCK TUBE

The shock tube has been operated using hydrogen as the driver gas in the
pressure range of 30 to 85 atm. Air, argon and xenon have been used as the
driven gas in the pressure range of 10 to 30 torr. Observations have been
limited to the shocks strong enough to produce high levels of lumincsity from
the shock heated gases. Fig. 3 shows time integrated white light photographs

Fig. 3. Time-integrated white-light photographs of
the luminous shock tube flows near the end-
i wall at 22.0 torr driven gas pressure: a) air/
68.0 atm H,, b) argon/61.2 atm Hy, ¢) xenon/
49,0 atm H,, all in the 7.94 squaFe test sec-
tion; d) afid e) xenon runs in the 7.94 and
4,76 mm dia test sections both driven sim-
‘ ultaneously by the single driver section

with 30.6 atm H2.

of the shock heated gases near the endwall of 122 cm long shock tubes: a), b)
‘ . and ¢) show the runs with air, argon and xenon in a 7.94 mm square test sect-
) ion, respectively; d) and e) show the shocked xenon emissions in two cylin-
drical test sections of 7.94% mm and 4.76 mm dia, respectively, both driven
simultaneously by a single charge of hydrogen. 1In all cases, the test sect-
ion window is 6.35 cm long and the full width of each test section is left un-
. obstructed for the camera.

A

S Much of the luminosity is due to multiply reflected shocks in each run and
- consequently some irregular, filamentary emission patterns are visible on the
3 upstream side of the shock-heated gas slug. Rotating drum camera pictures
also show that the majority of luminosity originated from the multiply reflect-
T ed shock region in all of the latest series runs with the modified ball valve
: design. The above observation is closely related to the fact that the high-
est shock Mach number in the 122 cm shock tubes has been limited to abcat 4.5,
as determined from some streak photographs and photomultiplier pickups at two
different positions near the endwall. We will focus our attention to this as-
pect later on.

ey

Overall, the luminosity from the multiply reflected shocks lasts for per-
iods far greater than in the conventional luminous shock tubes. For example,
the luminosity lasting up to four milliseconds has been observed in the 122 cm
long, 7.9% mm dia. driven section containing air initially at 22.0 torr while
the time of shock propagation over the entire length of the driven section is
only about one millisecond. This feature appears to arise from the fact that
the pressure profile upstream of the interface steepens much more sharply here
than in the conventional shock tubes due to the large crosssectional disparity
between the driver and driven sections and to the characteristic rate of valve
opening.
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A considerable effort has been exerted to establishment of the exact re-
lationship between the ball valve characteristics and the properties of the
shock waves in different diameter driven sections. The relationship plays the
central role in explaining the gross features mentioned above, achieving a
stable reproducibility regime and also in improving the shock tube perform-
ance. In Fig. 4 a summary of runs is given in which the valve op2ning time,

Or7T T T T T T T
e 22,0 torr air/ -
= 75.9 atm “d O _
| A 22.0 torr air/ .
68.0 atm H,
15 00 -
i O i
At sms | Ci;{g N
shock ()
R '®) A _
10— C%D jé e
= (8) A .
1O’ a® .
5 i I W N I S S A
30 35 Lo
Atvalve’ s
Fig. k. The shock arrival time, Atshock’is

plotted as a function of the valve
opening time, At ., for the 7.9k

mm dia test section at two different
hydrogen pressures.

Atvalve’ as defined by the time for the valve handle to rotate 112° from its

initial cocked position, is compared to the shock arrival time, Atshock’ as

measured from the moment of valve release to that of the shock arrival at
4,21 cm upstream of the endwall of the 122 cm long, 7.94 mm dia. driven sec-
tion. All runs were made in 22.0 torr air but driven by hydrogen at two dif-
ferent pressures: 68.0 and 75.8 atm at room temperature.

First, one finds an unmistakably distinct trend that the slower the valve
opening time the tardier the shock arrival becomes. A reasonable estimate for
the time of shock propagation over the length of the driven section should lie
between 0.75 and 1.7 msec, whereas the variation in M‘sho & is considerably

iarger. This points to a role of the valve in the process. Secondly, one
sees that at the lower driver gas pressure Atshock is smaller than that at the

higher pressure, again by an amount greater than the possible variation of the
shock propagation time. The latter observation also points to the behavior of

the ball valve because as the driver gas pressure increases, the load on the
ball bearings within the valve increases and consequently the friction force
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increases, thus impeding opening of the valve.

We can analyse the time response of the ball valve quantitatively by con-
sidering the equation of motion of the valve:

I18=KkS-5)r-Ta, (1)

where I is the moment of inertia of the valve handle/ball system, k the spring
constant, f the friction force on the valve shaft and ball and &, the effect-

ive radius of the shaft/ball system. r is the moment arm length of the valve

handle and is given by

r=Rcos 6. )

where R is the length of the valve handle between the axes of the valve shaft
and cocking pin. 8 is the angular position of the valve handle with respect
to its initial cocked position. S denotes the length of the spring and S_ the
unstretched, equilibrium length of the spring. Denoting by L the distance be-
tween the shaft axis and the point where the spring is anchored, we have the
following relationship among S, L, R and 8:

s° = L2 + R2 - 2LR cosk% -8 (3)

It is not necessary to determine I, k and f a_ independently in order to
solve eq. {1). Instead, eq. (1) is solved self consistently by a numerical
method, using the known values of 4t Lye> the first turning point (0,) of the
valve handle following its release afd ¥fe R/L and SO/L ratios. For %his pur-
pose, we define

f a BTR
F= 1 = and K = 55———%5- . &)

= = = = © 1 =
For 8t ., . = 30 ms, R/L = 0.k, SO/L 0.35 and 8, = 135" we find F = 2300

and K = 12000 in cgs units. The boundary condition that 8(t=0) = 8(t=0) = 0
has been used, where the time t is measured from the moment of valve release.
The solid curve in Fig. 5 gives the full history of the valve opening as a
solution oi eq. (1) under this condition. The ball valve begins to open at 8
which is 12.24°, and this corresponds to t = 7.2 ms. The primary shock is de-
tected 1.2 + 0.3 ms later. This means that the shock wave characteristics are
determined by the valve opening process during the period no longer than

500 us beyond es.

It is reasonable to expect that the larger the rate of opening arcund o,
the stronger the shock becomes. One might ask them how this rate can be in-
creased. We show three additional calculations involving i) a decrease of the
friction by a factor of two (dashed line), ii) a non-zero initial angular ve-
locity of the valve (broken line) and iii) a doubling of the spring constant
(dotted line). The decreased friction significantly increases the rate of
valve opening about 0, and this is consistent with the observation made earl-
ier on the driver pressure dependence seen in Fig. k. Clearly, the most ef-
fective avenue is to increase the spring constant, although the long term in-
tegrity of the valve shaft must be taken into consideration before exploiting
this to the fullest extent. Of course, the ratios R/L and Sy/L will also fig-
ure importantly in the optimization effort. It thus appears that the maximum
Mach number observed with the present ball valve is due to the present maximum
rate of valve opening. With a combined improvement by reducing the friction
and increasing the spring corstant, the Mach number can be increased substan-
tially.

Finally, the arrival times of two shock waves in two different driven sec-
tions (4.76 and 7.94 mm dia.), driven simultaneously by the single driver sec-
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tion, are compared in Fig. 6. At each &4t value, the two shock arrival

valve
times have been measured. The shocks propagate more slowly in smaller dia-
meter tubes due to the increasingly large function of the boundary layers pre-
sent in the primary shock flow. The results of Fig. 6 are indeed consistent

with this expectation. We also note that the streak photographs of the runs :
in air show the reflectedhshock bifurcation similar to those observed in the
conventional shock tubes.

CONCLUDING REMARKS

We have proposed a new concept of the diaphragmless, flexible, luminous
shock tube, demonstrated its soundness by constructing such a shock tube and
identified the essential relationship between the ball valve characteristics
and shock wave properties. Sufficient ground work has been done, and the
direction for further development indicated, for establishment of the shock
tube as a contamination-free, highly reproducible tool. Especially, the fea-
ture that many shock waves can be produced simultaneously with this design of-
fers a broad range of opportunities for application. Some examples are the
use of the shock tube as a non-electric delay line , for production of gas dy-
namic laser media in long narrow channels, for studies of reacting systems
with many different relaxation times and for studies of thermcdynamic states
requiring extreme pressures and temperatures.
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The exceptionally long multiply reflected shock regime may or may not be
useful, depending on the nature of a particular physics in question. The
rather small depth of the shocked gas inherent in the flexible design is in a
way a drawback because of decreased luminosity but ready availability of sen-
sitive optical detectors should alleviate this difficulty. It is reasonable
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to expect that with further improvement of the valve response in the manner
suggested stronger shocks can be readily produced in flexible shock tubes.
Much of the diagnostics can be easily improved to bring about more precise de-
scriptions. We believe, however, most of the important features have been un-
ambiguously dealt with and for an experimental tool of a first order design
the shock tube has proven to be phenomenally successful. It is hoped that
many interested investigators would put the shock tube to varied uses in the
near future.

The author acknowledges the assistance of Nick Bigelow in the first as-
sembly of the shock tube,
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A POWDER-INJECTION SHOCK-TUBE FACILITY

M.W.P.Cann, J.B.Shin, R.W.Nicholls
Centre for Research in Experimental Space Science

York University, Downsview, Ontario M3J 1P3

Many molecules of spectroscopic interest are best
obtained for study in the laboratory by volatilis-
ing powdered material. For this purpose a conven-
tional pressure driven shock-tube was modified to
include a powder-injection capability._ 1In order
to improve reproducibility from one tuRK@o the
next the injection and firing sequence i3 autom-~
atic and timed. OQther features include safety
checks, a set-up monitor to reduce bad runs
through human error, and several operating options.
These options include manual or automatic mode,
with one or two diaphragms, overrides on most
operations, sequence interrupt on external trigger
and remote operation and reset.

INTRODUCTION ‘

Shock~tubes have been used for several decades in, amougst
other things, spectroscopy, reaction kinetics, heat transfer stud-
ies and in materials research. For the majority of these studies
the working medium was a gas but in recent years there has been an
increasing need to consider gaseous suspensions of solid material.
This 18 especially true for spectroscopic studies, which provided
motivation for the facility described here.

There are many molecules of spectroscopic interest, and of
importance in other areas of high temperature research, which do
not exist under normal conditions. 1In many cases these molecules
can be generated by heating an appropriate combination of gases,
but this usually results in the presence of unwanted molecular
species which interfere with the work. An alternative approach is ’
to shock-heat solid material in powder form. This powder is susp-
ended as an aerosol in a gas which includes any other elements
needed for the production of the desired molecular species. The
povwder particles are volatilised behind the shock wave and local
thermal equilibrium conditions can be achieved. This then allows
one to obtain the chemical composition, temperature and pressure
of the gas from chemical equilibrium computer programs, such as

TR T
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the one by Gordon and McBride (1971), and is why the shock~tube is
such a useful facility for spectroscopic research. The powder-
{njection approach has the advantages of introducing fewer extra-
neous elements into the shock-tube, and of additional flexibility
in the choice of materials, but the disadvantages that it is
harder to make quantitative composition measurements and harder to
achieve repeatable conditions. Factors affecting reproducibility
novw include particle size distribution and uniformity of particle
densities in the vorking section of the shock-tube. An important
aspect in the design of the powder-injection system was the need
to minimise run-to-run variations and to optimise reproducibility.

DESIGN FEATURES

The shock-tube equipped with the powder-injection facility
has an internal diameter of 3-inches and diaphragms are ruptured
by the helium gas pressure in the driver. Basically the system
operates by blowing powder into a settling tank, which contains
the working gas to be used, and then admitting the powder suspens-
ion into the previously evacuated shock-tube. After a short time
delay, to allow the gas to equilibrate, the diaphragm is ruptured
and a shock wave initiated. These operations are controlled by a
\ timer or, alternatively, may be effected separately by the user.

Figure 1 shows details of the powder~injection operation.
’ When the shock-tube and powder injection-system are ready for a

41: POWDER  INJECTION SYSTEM

Figure 1.
Diagram of Powder- ’
Injection System.

SCAVENGE
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fun the shock-~tube is evacuated, the tank contains the working
gas, usually argon, and the pressure chamber contains the same gas '
at about 45 ps{ pressure. Powder is placed in the end of a small

tube vhich projects into the tank. Startiang the injection oper=~
ation starts the timer and initiates the following sequence

-3
A
1“

1. Tank injection. The solenoid valve (Figure 1) is opened
and blows the powder into the settling tank.
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2. Shock=-tube injection. A pneumatically operated valve is
opened to admit the gas-powder suspension into the shock~
tube.

3. Diaphragm rupture, which is achieved in one of two ways
as discussed below.

The times between the above operations, i.e. standing or settling
times, and also the length of time that the valves remain open can
all easily be changed. The Cramer timer operates a system of cams
which, in turn, operate micro-switches. The timer has a synchron~-
ous motor which can also be changed. For most of the work with
this system a one-minute cycle has proved to be satisfactory, and
the timer stops itself after one cycle. The cycle cannot be re-
peated until the system has been reset.

The Powder Hopper, for irtroducing powder, is shown in Fig-
ure 2. Powder {s placed in the tube and the cap replaced. This
cap is grooved to direct gas from the pressure chamber down the
tube when the solenoid valve i3 opened.

Figure 2. Powder Hopper With
Top Removed. Settling tank
shows to the right and vertical
pipe in foreground caries gas
from pressure chamber.

Figure 1 shows a conical base to the settling tank with a
scavenge pipe leaving it. The scavenge operation is used to rem-
ove exces powder between runs. The tank is pressurised to about
15 psi with nitrogen or argon and the scavenge valve opened, sweep-
ing out the powder which has accumulated at the bottom of the tank.
In operation powder accumulates in a number of unwelcome places,
including the vacuum valves on the settling tank. This powder dam-
ages these valves when they are next operated. So, after a powder-
injection operation, internal jets of nitrogen (or argon) blow thé¢
povder off the valves before they are opened.

With the cycle timer controlling the various steps in the
operation of loading the shock-tube with gas-powder suspension 1t
was desirable that it also controlled diaphragm rupture. Simply
opening the £f111l valve was considered to be unsafe so the signal
from the timer arms the line to the f111l valve. This then passes
control to the operator, who admits more helium to the driver
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until diaphragm rupture occurs. An alternative 1s also offered.
The shock-tube may be operated with two diaphragms instead of oune.
These diaphragms are separated by about six inches. In operation
the intermediate chamber is filled to half the driver pressure,
such that neither diaphragm is loaded to burst point but that the
overall pressure drop across the two does exceed burst pressure.
The timer signal now causes the gas in the intermediate chamber to
be vented to atmosphere, thus rupturing the diaphragms. Again,
the open time of the vent valve can be varied.

The gas handling and powder injection systems are shown in
Figure 3, which shows the system of valves used for connecting the
driver and intermediate sections for gas filling, test and run
operations. It is essential that these valves be connected corr-

VILAR  FLTER RO
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Figure 3. Diagram of Pumping and Gas Handling Systems. ‘

ectly and to avoid accidents they are all fitted with micro-
switches which sense their positions. Optical sensors are also
placed on all toggle valves on the control panel and also on all
vacuum gauge (thermocouple) isolation valves. A control system
was constructed for ensuring the safe position of all valves on
the shock~tube, and in the powder-injection system, before any gas
f1i1ll or shock-tube rum operation can be ifmplemented.

iz, 7

SAFETY

One aspect of safety has already been considered. The con-
trol system ensures that all valves are in a safe position before
any gas can be admitted to the driver or intermediate sections,
and before the automatic sequence can be started. This protects
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the operator and the equipment. Powders may be hazardous to health
and it 1is best to assume that this is the rule. Consequently
filters were installed to clean exhaust gases before venting. In
addition these gases are mostly vented outside the building.
Another hazard occurs when the shock-tube is opened for cleaning
and a movable hood is lowered over the end at this time. This hood
is connected to a high volume blower and an absolute filter so that
there is no danger of a person breathing contaminated air when he
opens the shock-tube, see Figure 3.

CONTROL SYSTEM
The control system has three functions,

l. Safety. All valves connecting into the shock~-tube must be
closed before gas can be admitted into the driver or inter-
mediate sections, or before the automatic sequence can be
started. Also the four-way ball valves in the driver gas-
handling system have to be set in different positions for
the various operations, and the control system ensures that
they are correctly set.

2. Automatic operation of the powder-injection and firiang sequ-
ence. There are several options in this process which are
listed below.

3. Set-up and sequence monitoring. During shock-tube prepara-
tion there are a number of operations to be performed any of
which could easily be overlooked, e.g. loading powder, evac-
uation of the settling tank, filling tank and pressure cham-
ber. These processes are checked wich micro-switches in
appropriate places and recorded on a Progress Indicator.

Figure 4 18 a block diagram of the elements of the control )
system, the electronics of which chiefly comprise Transistor-
Transistor Logic (TTL) components with LED panel indicators.

CONTROL _ SYSTEM
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Wherever possible micro-switches were used on valves that need
monitoring but in some situations a photodiode and small incand-
escent lamp combination was necessary. Figure 5 {s a photograph
of the control panel showing the elements of the system.

Figure 5. Shock=-=Tube
Control Panel. DCU
may be seen on the
right, ACU at extreme
left and PIU and PIO
just left of centre.
See text for details.

’ The functions of these elements are as follows.
4 . a) Driver Interlock Unit (DIU)
' Verifies safe conditions for driver fill, shock-tube run or
‘ test conditions. LED panel display indicates status. Veri-
fies that driver three-way ball valves are set correctly:
' the setting depends on the operation selected.

b) Driver Control Unit (DCU)
Option selection and driver operation. The options are
i) One or two diaphragm operation.
i1) Automatic or manual.

111) Test mode. F1ill line is routed to the high pressure
gauge so that the sequence of operations may be
checked without diaphragm rupture.

iv) Scavenge of settling tank. This can only be selected
when shock-tube 1s not set to run.
) v) Pressure switch function. A dual pressure-switch
may be used either to set intermediate and driver
pressvres or for a warning signal and maximum pres-
sure limit control.

¢) Automatic Control Unit (ACU)
Verifies status of driver and powder-injection systems.
Issues start, stop and reset commands. Optionm to switch in
automatic stop on receiving input signal from external equip-
ment (e.g. pre~trigger of an oscilloscope or counter). If
such a stop occurs any valve in the injection sequence may,
optionally, be made to close if open at the time. Re-start
issues a reset command to external instrumentation.
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d) Powder Injection Operator (PIO)
The sequence of events in the powder-injection operation are

Timer start.

Tank inject. Powder is blown into settling tank.
Shock=-tube inject.

Signal to driver. Vents intermediate section with 2-
diaphragm operation, otherwise arms fill line for
operator.

Signal to driver turned off.

Any of these operations may be performed manually. Also any
of them may be switched out of the cycle. Status of each
operation is indicated by LEDs.

e) Progress Indicator Unit (PIU)
This unit has five functions.

1) Indicate status of shock-tube preparation and progress
in the run sequence with a LED display. Completion of
each step ia required before the next can be registered
and the shock=-tube cannot be rum until the preparation
is complete.

11) Overrides are provided for most steps.

111) Manual termination of driver or intermediate section
f{lling, {.e. not controlled by pressure-switch. This
is achieved by manually recording completion. of the
step when the desired pressures (two pressures for
2-diaphragm operation) are reached. Signal of comple-

tion is transmitted back to the DCU, necessitating reset

of the driver valves before running.
iv) Reset control system for new run.

v) Prevents automatic cycle from repeating even 1if start
button is pressed.

f) Remote Control Unit (RCU)
Attached by cable to ACU this permits remote operation of
the shock-tube, with start, stop and equipment reset funce-
tions. Some of the indicators of the DCU, ACU and PIU are
duplicated.

CONCLUSIONS

This system has been used successfully in spectroscopic
studies of metal oxide molecules, an example of which is the work
on the spectrum of WO, presented at this symposium by Shin, Caunn
and Nicholls (1981). The system has proved effective in introduc-
ing powders into the shock-tube, increasing safety and in
reducing the number of runs fafling through human error.

There are a number of varisbles which affect the performance
of the powder-injection operation and the reproducibility of the
results. The first of these is the ability to achieve consist-
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ently correct pressures in the working section, after expansion
from the gsettling tank., Figure 6 shows that the error here is
limited only by the precision of the pressure gauges, Wallace and
Tiernen dial gauges ian this case. Other variables include the
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settling times in the tank and shock-tube as well as the length of
time for which the valves are open. All these can be varied quite
easily. Optimisation will also depend strongly on the powder
itself, and the grinding and filtering processes to which it has
been subjected before introduction into the powder hopper. Some
studies have been made of these aspects and more are planned.
Interested persons may obtain further information from the
authors, as it becomes available.

ACKNOWLEDGEMENTS

The authors are much indebted to Dr. W. H. Parkinson, of the
Smithsonian~Harvard Observatory, for his advice on the design of
this system. The development has been supported by grants to
R.W.N. from the National Research Council of Canada, the Defence
Research Board of Canada and the Natural Sciences and Research
Council of Canada.




(106} Cann et al.

REFERENCES

1. Gordon S., McBride B.J.,1971,"Computer Program for Calculation
of Complex Equilibrium Compositions, Rocket Performance,
Incident and Reflected Shocks, and Chapman-Jouget Detonations",
NASA Lewis Research Center, NASA SP-273.

2. Shin J.B., Cann M.W.P., Nicholls R.W., 1981, "Shock-Excited

Emission Spectrum of Tungsten Oxide". This symposium.




—

THE TESTING IN BIA HYPERSONIC GUN TUNNEL
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Beijing Institute of Aerodynamics

P.0.Box 7215, Beijing, China

AMPO00231

\5,

This paper presents the performance of a hypersonic
gun tunnel in Beijing Institute of Aerodynamics, describes
i test techniques and gives several representative experi-
mental results.

The tunnel uses axisymmetrical nozzle with an exit
diameter 0.6 meter. The test Mach numbers are from 8 to
15. The test Reynolds numbers are from 1.9 x 106 to
2.6 x 107 per meter. The useful running time is about 25
milliseconds.

This tunnel is equipped with some apparatus developed
by ourselves, such as three-component semiconductor strain-
gage balance, various types of piezoelectric and strain-
gage pressure transducers, thermocouple calorimeters,
reservoir thermocouple, thin-film platinum resistance
thermometers, schlieren system, and high-speed drum camera,
etc.

Several types of measurements can be made in this
tunnel: forces, pressures, heat transfer and temperature
distributions on a static model, fres flight tests, and flow
visualization, etc.

In the flow calibration, the reservoir pressure,
reservoir temperature and the Pitot pressure were measured.
The current operating parameters of this tunnel are
tabulated.

Some representative experimental results, such as the
free flight tests of standard model HB-2, the force meas-
urements of a 10-degree semiapex angle cone and the heat-
transfer distribution on a hemisphere-cylinder model are
presented. The given experimental data are compared with
theoretical predictions and data from other tunnels. The
agreements are fairly well.
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GFN¥RAL, DESCRIPTTONS OF THE FACILITY

This BIM facility is a light piston hypersonic gun tunnel,
its schematic diagram shown in Fig.1. The driver section is 5m
long, and the driven section 10m. Both tubes have an internmal
diameter 130mm. The axisymmetric conical nozzle has a 10~degree
semiapex angle, with an exit diameter of 600mm, and three inter-
changeable throats of diameters 35, 15 and 7.85mm providing
nominali Mach numbers 8, 12 and 15 respectivel{. Two contoured
nozzles(for Mach 8 and 12)will be added shortly. The cylindrical
test section is 1.8m long, has an internal diameter of 1.2m,with
optical glass windows of 450mm diameter on both sides. The capa-
city of the vacuum tank is 12.5m?, The vacuum pumping S{stem
consists of two 11150 slide valve pumps, two ZJ-1200 Roots vacuum
pumps and one PHB-30 primary air-extracting pump,providing pres-
sires down to about 1073 torr. The compressor system consists of
diaphragm compressors G3V and G52, providing pressures up to 800
atm.

pPrior to a run, the driver section is separated from the
driven section by two diaphragms in the double-~diaphragm section.
The main diaphragm of the double diaphragm section is made of
aluminium or stainless steel plate with different thicknesses
according to the driver and driven pressures used. The diaphragm
is fastened with a hydraulic-auto-holder. The barrel 1s sealed
from the nozzle by an aluminium diaphragm,a plastic diaphragm or

a plastic throat-plug. The light piston made of aluminium is
placed next to the downstream end nrf the double - diaphragm
section.

4 This tunnel uses the equilibrium piston technique,that is,

the piston weight W, should be suitably matched with initial

pressure ratio of the driver and driven gases P4/P; , 80 that

when the piston comes to rest,no overshoot or intense oscillation
would take place. Hence, a substantially constant reservoir

pressure could be maintained during useful running time.
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Fig.) Schematic Diagram of BIA Hypersonic Gun Tunnel
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FLOW CALIBRATION

Reservoir pressure was measured by the Institute-developed
type AKC-25 piezoelectric pressure transducers, home-built type
ZQY¥-25. and Japan-built type PHF~30%W strain pressure transducers.
A typical reservoir pressure record trace is shown in Fig. 8.

It can be seen from Pig. 8 that the equilibrium condition of the
tunnel operation was achieved, and the ratio of the peak pres-
sure P to the equilibrium pressure pe is within the range of
1$‘§/pb$1.1. In Fig. 2 the measured reservoir pressure values
are compared with the predictions given by the equilibrium pis-
ton theory(1,2), indicating that the measured values are about
25% lower than the calculated ones. This discrepancy is supposed
mainly due to the clearance leakage between the piston and the
barrel internal surface, the friction loss, and the heat loss of
the test gas, etc.
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Fig. 2 Reservoir parameter tribution, at M=8

Reservoir temperature is measured by the Institute-developed
chromel-silimel (NiCr-NiSi) thermocouple, which is mounted in the
tunnel supply reservoir. Making a compromise Dbetween strength
ana response time we have chosen the thermocouple diameter equal
to O.1mm. In order to protect the thermocouple wire from the im-
pact damage of the compressed dense gas flow, an insulating shi-
elded sleeve made of glass-fiber-reinforced plastic was fitted on
the thermocouple. When the reservoir temperatures were measured,
a nozzle throat plug was used. The thermocouple temgerature rea-
ches its equilibrium value in about 10ms. Since the tunnel useful
running time is about 25ms, we have sufficient time which allows
to measure the equilibrium temperature in this facility. After
data reduction, the variations of the reservoir temperature with
the ratio of the driver and driven pressure , p4/p,,were obtained.
Fig. 2 shows that the measured reservoir temperatures appear to
be 10~-15% lower than the predicted values of equilibrium pisten
theory. Similar to the case of reservoir pressure, these discre-
pancies are due to the clearance leakage between the piston and
the barrel and the friction loss. Besides these, they are also
due to the heat loss of the high temperature reservoir gas to the
ambient, the heat radiation and neat conduction loss of the ther-
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mocouple itself. Nevertheless, the trends either of the measured
reservoir pressure or of the measured reservoir temperature va-
riations are in accord with the predicted curves of the equili-
brium piston theory.

Pitot pressures in the test section were measured by the
Institute-developed type AKC2~23 and AKC2-40 piezoelectric pres-
sure transducers, and type FT foil strain fluctuation pressure
transducers. The Pitot rake was equipped with five transducers,
with the distance 110mm. Along the axial direction of the test
section, surveys were made for three stations, whose axial dis-
tances from the nozzle exit were 0, 200, and 300mm, respectively.
At each station, both horizontal and vertical Pitot pressure dis-
tributions were measured, Typical radial Pitot pressure and
axial Mach number distributions are shown in Fig. 3 and Fig. 4.
The axial Mach number relative gradients AM/M is about 12% per
meter due to conical character of the flow.

The Mach number distri-

butions are calculated from " T —

the measured Pitot pressures | ! vary I R
and the reservoir pressure. g — !
After appropriate correc- : -
tions for real-gas effects, i et e
the local Mach number at the | | :
measured point can be calcu- .. ? | %A,

lated from the Rayleigh Pi-
tot formula.

N
The current operating L.
parameters of this tunnel e |
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are listed in the Table 1.

Fig. 4 Axial Mach numbers

distribution

Table 1. Operating parameters of the BIA gun tunnel
Nominal Mach number 8 12 15
Nozzle throat diameter, mm 35 15 7.85
Driver pressure, P, kg/cm® 160 | 350 160 | 160
Driven pressure, P, kg;/cm2 1.5 5 1.3 1e3
Piston weight, wp, kg ’ 0.165 | C.50 [ 0.165 [0.165
Reservoir pressure, P, kg/cma

predicted 116 25U 116 116

measured ~-85 ~230| ~85 |~88
Reservoir temperature, Tt,°K

predicted 1350 1120 1350 1350

measured ~1150 | ~1000 | ~1150 |~1150
Test section mean Mach ngmber 8.53 6.52 11,7 1545
Reynolds number, Re x 10°, 1/m 7.7 2643 3¢5 1.9
Running time, ms 15 15 25 25

e e
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FREE FLIG:T MEASUREMENTS

A constant attitude free-fiight measurement technique has
been used, in which thne model centroid is made to coincide with
the center of pressure with a balancing weight, so that the model
will move at constant incidence without rotation. Test model,
constructed of hard foamed plastics, is initially suspended by
thin nylon threads at an angle of attack in test section. When
the flow atarts, the threaas burn away, and the motion of f;ee-
flight model can be photographed with multiple-spark recording.
About eight distinguishable partially overlapping images can be
obtained on the photographic plate. After data reduction, the
model accelerations a, ana ays along horizontal and vertical di-

rection x and y respectively, can be obtained. Then, the aerody-
namic coefficients of the model can be calculated from the given
model and flow parameters. The formulas for calculating aerody-
namic coefficients are as follows:

m.a.. a W 1S
Drag coefficient, Cp= -SA =(_£)LJE{_£ﬂ CD
s

“Or Lag)/\Wg/\ S,
m.a a, W S_y
Lift coefficient, C, = J :(_Z.(ﬁgq{_ﬁ) c
’ L q;gr ag\Ws [\S,/ "Dy

where Cp , a Ws, and Ss are the drag coefficient, acceleration,
s

s’
welght, and the maximum cross-sectional area of the calibration
sphere respectively under the same test conditions as that of the
model. For a continuum flow, the drag coefficient CQ; of the

sphere was assumed to be 0,915. ays ays Wm, and Sr are the x-c¢i-

rectional acceleration, y-directional acceleration, weight, and
the reference area of the model, respectively. The axial-force
and normal-force coefficients can be calculated from the equa-
tions:

Cp=Cprcosd— Cy-sind ; Cy =CL' coso + Cp sind .

The center of pressure is taken to be at the centroid.

Using the free-flight measurement technique discribed above,
the tests of standaru mcdel HB-2 were conducted. The model weight
was approximately 10 grams, with centerbody diameter 35mm and to-
tal length 171.5mm. The free-stream Mach number, Mg, for the
tests was 8.5 and the Reynolds number, based on centerbody dia-
meter, was 0.27 x 10°., A set of overlapping images on one photo-
graphic plate of the free-flying HB-2 model are shown in Fig. 9.
The values of Cy» Cp» and xcp/L obtzined are compared in Fig. 9,

with force balance and free-flight force data obtained elsewhere.
It is observed that the normal-force coefficients obtained here
agree with the synthetic curve of AEDC(8) and other test data, the
values of pressure center coefficients are somewhat lower than
those from the synthetic curve and the ARL test datal4). Part of
the reasons for these discrepancies are the effects of the coni-
cal flow field. The values of the axial-force coefficients are
slightly greater than the data from DVL(6) , AEDC(7), and NPL (3),
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for a 10*semiapex cone

Fig. 5 Force characteristics
for Model HB-2

FORCE BALANCE MEASUREMENTS

Used in the gun tunnel of BIA is the balance TP-B, which is
an Institute-developed, inertia uncompensated, three component se-
miconductor strain-gage balance. The load capacities of tune ta-
lance are: front normal-force, 2kg; rear normal-force, 2kg; axial-
force, O.5kg.

In an impulse tunnel like this one, it is usually required
that the natural frequency of the balance support system should
be an order of magnitude higher than the low characteristic fre-
quency of the test flow, so that the high frequency oscillation
signals may be filtered out with low-pass filters. But to meet
this requirement is difficult. After making some efforts, the
lateral and axial natural frequencies of the balance TP-B support
system reach 150 and 67OHz regspectively., The test cut-off fre-

quency of the low-pass filter was selected as 160 —3U0H_. If the
cut-off frequency is selected too low, it is likely to ?ilter the
aerodynamic signal off and make the results distorted. To reduce
the impulse effect of the barrel recoil force on the test section,
we have designed a flexible connection between the nozzle & test
section. The barrel is also fitted with a damping thrust-buffer
to absorb the recoil.

To decrease the inertia force withstood by the balance ele-
ments, it is necessary to decrease the model weight as much as
possible. 1In one force balance measurements, an aluminium thined
shell model was made. It was a 10 degree semiapex angle cone
with 70mm base diameter and about 45 grams weight. Typical force
balance measured traces are shown in Fig. 10, which indicates
that the oscillation of about 150 H, exists in the normal force

waveform, that is caused by the lateral frequency of the balance
support systems., In Fig. 6, the measured longitudinal aerodyna-
mic coefficients of the cone model are compared with the Newto-
nian theory(9 and NASA test data. The test Mach number was 12.08
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and Reynolds number,bas~: on diameter, .as 2.45 x 105 . In Fig.
6, it can be seen that the measured data give fair agreement with
data of NASAUG./) | and Newtonian theory. The measured values of
axial force coefficient are somewhat higher than that predicted
by Newtonian theory, this disagreement may be a result of skin-
friction effects,

HEAT TRANSFER MEASUREMENTS

The heat transfer rates on test models are measured using
the Institute-developed type PM-1 thin-film platinum resistance
thermometers, which has a diameter of 3.5mm, and a thin-film
thickness of about 0.1 micron. 1In order to improve accuracy and
sensitivity, a Japan-made type DPM~6G dynamic strain amplifier
was used in addition to the thin-film thermometers in the heat
transfer measuring system. This is suitable to the low heat
transfer rate measurements of model surface. To simplify the da-
ta reduction of heat transfer rates, a T-shaped thermo-electric
analog network was developed according to a scheme proposed by
Meyer (12). Thus considering the characteristics of the dynamic
strain gage and the analog network used, we arrive at the follow-
ing expression of the heat transfer rate:

-4
q= 2B x 10~ R/ kPc (V.(t)—V,(t)]

ARe (R*.C*)¥2

where R is the precision non-inductive resistance of the dynamic
strain-gage bridge box; k,p, ¢, are respectively the coeffi-
cients of thermal conductivity, density, and specific heat of the
thin film resistance thermometer backing material;olis the resis-
tance thermal coefficient of the thin-film; R*, C* are respecti-
vely the electrical resistance and the capacitance of the analog
network; B is the amplification factor of dynamic strain-gage;
and { Vo (t)-Vi(t)) is voltage difference on the output resistance
of analog network.
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Fig. 7 Heat-transfer on a hemisphere-cylinder
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A hemisphere-cylinder model was made for heat transfer mea-
surement., The nose radius of the model was 50mm. The test Mach
number was 8.5 and Reynolds number was 0.77 x 104 (based on cy-
linder diameter). The measured value of the stagnation point
heat transfer can be compared reasonably well with the Fay and
Riddell's one(®, The measured value is $.2 cal/cm®sec, and the
theoretical calculated value is 9.0 cal/cm?.sec. The laminar
heat transfer distribution of the blunt cone surface at zero an-
gle of attack is calculated by equations of Lees!®., The heat-
transfer distribution for the hemisphere-cylinder is plotted in
Fig. 7. It can be seen that the present measured data agree clo-
sely with the NASA Ames shock tunnel test data®and the theore-
tical curves from the Lees equation.

CONCLUSIONS

At present, the Mach number range of BIA hypersonic gun-tun-
nel is from 8 to 15, the Reynolds number range is from 1.9 x 10%

to 2.6 x 107 per meter, the exit dlameter of nozzle 1s 0.6 meter,
and the useful running time 1s about 25 milliseconds,

From the results of flow calibration, free-flight measure-

ments, force balance measurements, and heat-transfer measurements,

it can be concluded that the experimental data from this tunnel
agree fairly well with the theoretical predictions and some other
corresponding experiments., It was demonstrated that good data
could be obtained in the BIA gun tunnel.
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AN APPLICATION OF THE MOLECULAR BEAM TIME-OF~-FLIGHT TECHNIQUE
TO MEASUREMENTS OF THERMAL BOUNDARY LAYER EFFECTS

ON MASS SAMPLING FROM A SHOCK TUBE

K. Teshima, N. Takahashi and M. Deguchi

Department of Aeronautical Engineering,

Kyoto University, Kyoto, Japan

The conventional time-of-flight (TOF) method was used in
shock heated molecular beams. Velocity analyses of TOF
signals show that the translational temperature is suffici-
ently low so that one can assume all the stagnation enthalpy
has been converted into the mean mass velocity of the beam
molecules, therefore an effective stagnation temperature of
the extracted molecules can be calculated using the measured
mean mass velocity. For a large extraction orifice (3.2 mm
in dia.), it agrees very well with the Rankine-Hugoniot
value in a temperature range up to 10,800°K, .in case of
argon, This technique was applied to measurements of the
effective stagnation temperature of sampled gas from a

small orifice (50 - 200 um in dia.), which is usually used
in the shock tube mass sampling and where the gas temperature
may be affected during the sampling period by a rapid
development of a thermal boundary layer (Tbl) a: the end
wall of the shock tube. An evaluation of the effective
stagnation temperature of the sampled gas affected by the
Tbl growth was made by a simple superposition of an assumed
one-dimensional Tbl growth and a sampling hemisphere.
Comparisons with the experiments show that for appropriate
experimental conditions this simple estimation can predict
the effective stagnation temperature and its change during
the whole sampling period very well,

INTRXI}!CTION

A shock heated molecular beam (SHMB) is useful for study of the molecular
reaction dynamics especially those including internally excited molecules. A
time-of-flight (TOF) method to analyze the velocity distribution of the beam
molecules can be used to determine their internal states by using the energy
conservation and has been used for the conventional molecular beams, For a
transient beam like SHMB, other optical methods, e.g. measurements ;E:éluores-
cences induced by an electron beam or a laser may not be adequate becatse they
need many runs to obtain meaningful data. The use of TOF method in SHMB can
give an information about internal energy relaxation process of high tempera-
ture gases and can be used to determine their final energy contents in the beam
molecules as well as the kinetic energy and its distribution of the beam.
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We have used the TOF method in SHMB of argon for a wide range of the
source temperature from 1,400 to 10,800°K. For a monatomic gas, the mean mass
velocity and its distribution as a parallel translational temperature determined
by the measured TOF signal, can give the stagnation temperature using the energy
conservation law. Experimental results show that the measured stagnation tem-
perature agrees very well with the Rankine-Hugoniot value, and that the trans-
lational temperature of the beam molecules is sufficiently low to assume that

all the stagnation enthalpy has been converted into the directioral mass
motion within 3% error in temperature.

The SHMB is also useful for a shock tube mass sampling, "hii§_9?8 been
widely used for the study of high temperature reaction kinetics. In this
technique high temperature species in the reflected region are extracted into
a high vacuum detection chamber through a small orifice (20 - 200 im in dia.),
so that the detected species may have been subjected to cooling due to a rapid
development of a thermal boundary layer (Tbl) at the end wall of the shock tube.
A theoretical evaluation of this effect is not easy, because it includes a Tbl
growth coupled with an orifice g}ow and the flow 1s not one-dimensional near
the orifice. Voldner and Trass ’ have evaluated this effect by numerical works
for an orifice flow and by coupling of it with the solution of the Tbl. The
application of the TOF technique to such beams extracted from small orifices
can give an effective stagnation temperature of the sampled gas:as a result of
a bulk effect of the Tbl. Experimental results were compared with calculations
by a simple superposition of an assumed one-dimensional Tbl growth and a uniform
sampling hemisphere surface. Comparisons of these results will be presented
and discussed.

TOF TECHNIQUE

A afhematic diagram of the apparatus, details of which were reported pre-
viously;’ and the TOF measurement system is shown in Fig.l. Chopped molecules
through a slit on a rotating disk in 47 - 70 usec were detected by a quadrupole
mass spectrometer and a secondary electron multiplier detector after 104 cm
flight. A photocell signal was used to determine the time zero. Argon beams
from the reflected region in a wide temperature range from 1,400 - 10,800°K
and a pressure range from 1.3 to 6.8 atm were examined. Typical TOF signals

Detector
| Test Chamber ——e
Chamber
S.E.M.
Skimmer 441\ AZK_
~—— Light Q - pole
Nozzie . Mass filter
_,/__.: S N .
___-_zsfit
Electron
Flight Path Lengih Gun
Shock Tube Coltimator
G Olo-sbn O‘O .'."

To pumps

Fig.l Schematic diagram of SHMB apparatus and TOF measurement system.
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are shown in Fig.2 as the lower trace. The upper trace is the photocell signals

and the correspondency between them are indicated by numbers. Each TOF signal
was fitted to an ellipgoidal Maxwellian in order to determine a translational
parallel temperature T,, characterizing the velocity distribution, and was used
to determine the mean mass velocity. Although the beam intensity changed for
the duration time, the temperature and the mean velocity were almost constant
for all TOF signals in a single shot.

Fig.2

Typical TOF signals (lower
trace) and photocell
signals (upper trace).

200 usec/div.

Fig.3 shows the temperature and the speed ratio of the beam against a
scaling parameter which is a measure of the fb?stic collision effect in the
expansion process. A theoretical prediction of the speed ratio for the
room temperature monatomic gases is also shown as a solid line. Discussions
about the speed ratios of SHMB will be given elsewhere. In Fig.4 the effective
stagnation temperature calculated with the measured mean mass velocity and the

10 T T T T T

Fig.3
Parallel tranglational
temperagure T,, and speed
ratio S, of SHMB against a
scaling parameter ), where
P, is the stagnation pres-
sure, d the nozzle orifice
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o R ] potential depth ahd its
\—s,.'
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translational temperature using the energy conservation, is plotted against
the Rankine-Hugoniot values calculated with the measured shock velocities. It
can be seen that the measured temperature agrees very well with the ideal
frozen temperature up to a high temperature, where the ionization occurs sig-
nificantly. This is reasonable considering that the ionization relaxation time
in our experimental conditions is longer than the beam duration. Experimental
results also show that the stagnation temperature can be determined only by the
mean mass velocity within a few per cent error. Therefore this technique is
applicable to a beam extracted through a small orifice which is usually used in
a shock tube mass sampling system, in order to examine the effective stagnation
temperature of the sampled gas.

10°
" T T 1 , T T I T ]'
10} .
i Fig.4
9t 1 Measured stagnation tem-
perature gexperiments with

8 b a large nozzle diameter
= (3.2mm) vs the Rankine-
s 7 - _‘
e Hugoniot value stheory'
®
13 4
§6 - ¢
.5 s o---F=41atm _4

a---F=23atm
e---B:0-78tm

R\
\‘

1 1 1 i 1l L 1 n I 3
1 F3 3 4 5 § 7 [} 9 10 a0
nfhocry (K)

SHOCK TUBE MASS SAMPLING SYSTEM

As shown in Fig.5, a small orifice of 50 - 200 pm in its diameter and of
100 ym in its thickness was attached to the end wall of a shock tube to make the
surface flush, The expanded flow from the orifice is led to a three stage
molecular beam apparatus to make a molecular beam. The first stage, nozzle
discharge chamber, was evacuated by a 70Q 1/sec mechanical booster pump and
was kept at a pressure less than 5 x 10 ~ Torr when the test gas of 10 - 100
Torr of argon was filled in the low pressure section of the shock tube. The
gsecond and third stages, downstream of a skimmer and a collimator, respectively,
were eggcuated by 600 1/sec oil diffusion pumps and kept at pressures_}ess than
1l x 10 ° Torr. The detector chamber was kept a pressure about 3 x. 10 ' Torr.
The skimmer was located at a distance of 20 to 100 times of orifice diameter
from the orifice so as to obtain a terminal velocity of the expanded flow and
also to keep away from disturbances due to the Mach disk of the expanded jet.
The molecular beam was chopped into a sequence of short segments by narrow
slits on a rotating disk, which was made of 0.1 mm thick and 10 cm diameter
stainless steel plate. It had 90 equally spaced, 0.8° width and 10 tmm length
slits on its periphery and was rotated at 3000 r.p.m., so that it can chop the
beam every 200 Hsec into a 45 psec FWHM segment. The disk was manufactured by

L)
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a photo-etching technique and the differences in the size of the slits were
less than 3 %. The molecules in each segment were detected by the above men-
tioned detector located at 70.2 cm from the disk. Measurements were made at
stagnation temperature ranged from 800 to 4000°K and at pressures from 800 to
1370 Torr. The stagnation pressure was measured at the end wall.

IJ L

Fig.5
Shock tube mass sampling
Pressure Gauge | apparatus.

Orifice
\ /I] \Shutm

b

EXPERIMENTAL RESULTS

Typical oscillogram traces are 1V $00mv S00y8
shown in Fig.6. The TOF signals are @ ) :
in the middle trace, for which time 1
zeros are shown in the upper trace as 2
the photocell signals. It can be seen
that a good agreement between the en-
velope of the TOF signals and the
stagnation pressure history (lower
trace). In order to see the corres-
pondencies between the photocell and
TOF signals, each fifth slit was masked
80 as to pass only a part of light
through the slit, the¢ refore the TOF
signal did not appear for these slits.
The correspondence between them is in-
dicated in the figure by circles. From
the time difference of these signals
and the flight path, the mean mass
velocity at each time was obtained.
Measurements were made several times
for one condition to obtain time depen-
dence of the temperature. The ratio of
the measured effective stagnation tem- Fjg.6 Typical TOF signals (middle) as “.
perature T to theoretical one T. are well as photocell signals (upper) and 3
plotted against the sampling time, of  gragnation pressure (lower).T,=1070°K e
which origin is taken as the shock d=100 ym. 500usec/div. 0
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arrival time at the end wall, in Fig.7.

[121]

It shows that for a lower temperature

with a larger orifice, the effective stagnation temperature agrees well with
the stagnation value for the whole sampling period and for a higher temperature
with a smaller orifice, the ratio becomes much smaller than unity and varies

with the sampling time.

In Fig.8 the effective stagnation temperature at 0.5

msec in the sampling time is plotted against the stagnation temperature for

It can be seen that for a higher temperature
with a smaller orifice the effective stagnation temperature of the sampled gas
deviates severely from the true stagnation value.

various experimental conditions.
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Ratio of the measured effective
stagnation temperature T to

the Rankine-Hugoniot value T
against the sampling time.

Fig.8

The effective stagnation
temperature T__ at 5 msec of
sampling time ¥s the Rankine-
Hugoniot value,
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COMPARISON WITH A SIMPLE MODEL AND DISCUSSIONS

An exact treatment of the Tbl effect on the sampled gas includes an
orifice flow in a Tbl and the numerical meg ?od may be realistic only for a
very short time after the shock reflection. If we include the relaxation and
chemical reaction process of the species during the sampling process it may
become further difficult in the present numerical technique and the computer
machine. Here a very simple estimation of the effective stagnation temperature
of the sampled gas is made, assuming one-dimensio ?1 Tbl growth at the end wall
and a uniform sampling from a sampling hemisphere separately. The tempera-
ture profi ? in the growing Tbl can be calculated using the analysis by
Goldworthy for a perfect gas with an arbitrary tempiE?ture dependence 8f6§9e
thermal conductivity k. We used an empirical relation of k = kw(T/Tw)
where the suffix w denotes the value at the wall temperature. The radius of
the sampling hemisphere can be calculated by the flow rate at the orifice with
the stagnation condition at each sampling time. As an effective stagnation
temperature of the sampled gas, we take an average surface temperature on this
hemisphere immersed in the Tbl whose temperature profile is known, assuming a
uniform sampling from the surface.

The calculated temperature are compared with the measured values for
several experimental conditions in Fig.9 by solid and broken lines. For a
larger diameter orifice at a lower stagnation temperature, the present model
can predict the Tbl effect quite satisfactly for the whole sampling time.

But for a smaller orifice at a higher temperature it fails, although the
coupling of the Tbl growth with the orifice flow is weak. This seems to be
resulted from the assumption of a uniform sampling from the hemispere surface.
For a smaller orifice, cooler gases near the wall flow into the orifice at
larger angle than for a larger orifice, then the assumption of the uniform
sampling become invalid and underestimate the cooling effect. Therefore the
streamline inclination to the wall should be taken into account for such cases,
as Voldner and Trass have made.
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Fig.9 Comparisons of the calculated temperatures with the measured values.
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MEASUREMENT OF DYNAMIC PRESSURE IN SHOCK TUBE

BY STREAK PHOTOGRAPHY

Joseph H. Owren
Marco Scientific, Inc., Sunnyvale, California 94086
and
Robert E. Dannenberg

Kendan Associates, Palo Alto, California 94303

Instrumentation for application of the Mach
angle technique to measure dynamic pressure of the
stream flow in a shock tube is described. To
develop Mach lines suitable for observation, a
small conical probe was mounted on axis at the
test station. An image converter camera, optics
and a standard electronic flash lamp completed the
instrumentation. In operation, a Mach cone was
generated around the probe following passage of
the incident shock wave. Conical flow theory
relates the Mach angle to the flow Mach number and
dynamic pressure. Photographs of the Mach cone
were obtained for framing and streak mode of
recording. It was found that a streak record
offered the best detail of the flow. .

The instrumentation for determin}hg dynamic
pressure characteristics was developed for an arc-
driven shock tube operating at Mach 7. The test
stream flow was to serve as a reference pressure
base for the calibration of supersonic total head
probes.

INTRODUCTION

When a shock tube is used for a particular study, certain
properties of the flow are of primary importance. For example,
when calibrating supersonic total head probes, the duration and
uniformity of the test gas must be known for proper interpretation
of the test results. Calibration or scale factors for the

LI




Measurement of Dynamic Pressure [125]

pressure probes under test are determined by comparison of probe-
measured pressures with pressures calculated from normal shock
relations based on actual shock speed. It is well known that the
shock velocity together with the initial pressure ahead of the
shock wave is sufficient to define the equilibrium thermo-
dynamic properties of the shock heated gas. The theoretical
normal shock calculations assume a constant level of pressure
with time behind the shock (test gas region). 1In practice,
however, the flow velocity may attenuate during the test period
and induce changes in the dynamic pressure and, therefore, pitot
pressure.

In order that probe calibration studies may be conducted in
well understood and characterized flow environments, an experi-
mental technique was developed to measure the time history of the
dynamic pressure. The equipment described in this paper was used
to evaluate a high pressure test stream of air at Mach 7 (P1 =
1 atm) for test time, but more importantly, to measure the
uniformity of dynamic pressure for the period between the incident
shock and the contact surface.

MACH ANGLE TECHNIQUE

A small conical probe aligned with the flow in a shock tube
makes a convenient test fixture. Following the passage of the
incident shock wave, a stationary conical shock wave is generated
in the stream flow around the probe. Measurement of the angle of
the conical shock wave together with the known probe shape will
yield the Mach number of the stream flow. For example, Chart 5
in Ref. 1 shows the dependence of shock wave angle on cone semi-
vertex angle for various stream Mach numbers. Simplification of
the graphical calculations of Ref. 1 is possible if the cone angle
is small and the stream Mach number is low, less than approxi-
mately 3. Within these limitations, the stream Mach number, M,
and the shock wave or Mach angle, 0, are related simply as

= = sin 0 (1)

Thus for small cones (semivertex angles less than about 6°)
variations in stream speed are directly related to changes in the
observed Mach angle.

The dynamic pressure, q, is defined as
= Xp M2
q 2PsM (2)

where P_ is the static or side-wall pressure and y is the
specifi€ heat ratio for air. From the measured values of the
Mach angle and side-wall pressure, the dynamic pressure can be
calculated. For the nominal incident shock Mach number of 7, the
flow Mach number was 1.75. The dynamic pressure behind the
incident shock was 127.9 atm.

TEST TIME

Prior to the tests to determine the dynamic pressure of the
stream flow, a short study was made to evaluate the test time in
the shock tube for Mach 7. The instrumentation consisted of an
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Imacon (Model 790) image converter camera with its f1.9 spectro-
graph attachment as indicated in Fig. 1. Measurements were made

-

L4444

Spectrograph
' Image
converter
camera

Fig. 1. Time resolved spectrograph.

L4

with the camera operated in the streak mode and with the gas in
the shock tube seeded with trace amounts of pure sodium chloride.
Streak operation of the camera is discussed later in the text.
Photographic records (Fig. 2) of sodium line emission behind

He/Ne laser calibrator, 6328 A, with timing record of
20 usec/div.

Sodium
line,
5980 A

Shock front

Fig. 2. Spectrograph record.

the incident shock indicated that approximately 95-108 usec
behind the shock front, the radiation extinguished signaling the
arrival of the interface region between the test (air) and driver
gas.

On the basis of the spectrograph data together with pitot
pressure measurements (not shown), it was determined that the
overall stream flow was of 160-180 usec duration. The flow during
the first 100 usec was shocked air followed in the remaining 50-
70 usec by helium which had expanded from the arc chamber. The
results dictated that a 200 usec recording period would cover the
flow period of interest in the shock tube,

INSTRUMENTATION SYSTEM

The conical probe and camera system arrangement are suitable
for operation for any type of shock tube capable of operation at
shock speeds from Mach numbers of about 6 to 20 or more in air.
The instrumentation was developed for use with the 10.l6-cm
diameter shock tube of the arc-driven shock tube facility at
NASA-Ames Research Center. Details of the energy storage and arc
driver system have been described elsewhere. The shock tube was
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operated at Mach number 7 with an initial driven tube pressure of
1 atm of air.

The conical probe had a semivertex angle of 4° with a base
diameter of 12.7mm. The general arrangement of the installation
in the shock tube is shown in Fig. 3. The test section was

Station, LUD 3344 36.86
—. T
/ N
25 mm dia. Conical  Strut
window probe

Fig. 3. Test section.

equipped with diametrically opposed ports. The windows mounted
in the ports were small, 25mm in diameter, and the interior
window surfaces were not contoured to the bore of the shock tube.
When installed, the inner surface of the window was mounted flush
with the bore (along a meridian diameter) and, therefore, the
upper and lower sections of the windows were recessed slightly
below the adjacent tube wall by approximately a millimeter. Any
waves or disturbances produced by the recessed regions did not
appear to cause distortions or interferences in the photographic
records. Windows were fabricated from sheets of optical grade
Plexiglas. A 20mm thickness was satisfactory for Mach 7 operation.
Windows were replaced after every run as their exposed surfaces
became crazed and darkened as a result of the shock heating.

The light source for the optics system (Fig. 4) was an
ordinary photographic electronic flash, a Sunpak 411. This flash

- |

I /
/ Z
flash 4 %
lamp Image
C"O L converter
l l camera
asperture
’ knife ﬂ ’ knite '
edge AE 7 edge

Fig. 4. Optical system.

was selected because it has a reasonably constant level of light
output for approximately 250 usec. The lamp was masked down with
an aperture of approximately Smm square, and the light was then
collected with a 50mm f1.4 lens. This lens was a typical SLR
camera lens and was used to image the light to a small spot size
where a knife edge was placed. The knife edge was a razor blade.
The light was then re-collected with another 50mm fl.4 lens and
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collimated to pass through the test section. This system illumi-
nated the needle probe with a uniform field of constant intensity
collimated light. A third lens formed an image of the needle at
the cathode of the image converter tube. The schlieren system
also produced images of shock waves in the field.

The optics and illumination system was designed to take
advantage of the unique characteristics of the Imacon camera. The
high optical sensitivity of the camera allowed us to use a low
powered light source and still provided adequate light for easy
adjustment for optimum shock sensitivity. Since the camera
provided the shuttering function, we did not have to use short
pulse light sources.

The conical shock waves illuminated by the shock sensitive
image system were recorded with the camera (Fig. 5) operating
in a shuttering or streak mode. The complete optical image is

Fig. 5. Imacon 790 image converter camera.

converted into an electron image (by the photocathode} which is
transmitted to a phosphor screen where it is again converted into
an optical image. The latter image is recorded on Polaroid film.
Photographic records were obtained with preset times and selected
streak or framing sequences.

In the fast shuttering mode, the camera recorded 8 framing
images generally at 5 usec intervals, each with a 1 usec
exposure time. The equivalent framing rate was 2 x 105 f/s. As
the period of the test gas flow was about 200 usec, and with a
camera recording sequence of 35 usec, several runs were made to
detail the entire shock tube flow.

With the streak mode, a single run sufficed to obtain a
continuous time history of the flow. -For streak operation, the
image is optically restricted to a vertical strip by a slit
aperture in the primary image plane within the camera. Only a
thin slice of the image is observed and swept across the screen
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and film at a constant rate. The 200 usec period of interest for
observation was achieved with a streak rate of 2.8 usec/mm.

The lighting and imaging system was built from common
standard components and did not require critical adjustments.
Lenses and knife edges were adjusted for optimum resolution and
sensitivity without sacrificing too much luminosity. The pro-
vision on the Imacon camera for static focusing for picture
quality simplified adjustment of the light source and optics on
the photocathode of the image converter tube. Both the camera
and light source were operated at the times desired by means of
adjustable time delay generators. Start signals to the generators
were developed from shock detectors located at stations along the
shock tube normally used in facility operation to determine the
shock velocity.

APPLICATION

Typical framing records of the Mach wave pattern around the
probe are shown in Fig. 6. The time that each frame was obtained

®@ © ® @

®@ @ & O [ . ..

Fig. 6. Framing record.

after the arrival of the incident shock wave at the tip of the
probe is indicated on the figure. The sequence of the eight
frame recording format was as follows: Frames are read from
bottom to top, column by column, from left to right.

Measurements of the Mach angle obtained from framing records
are shown in Fig. 7. Several different methods were used to
measure the Mach angles. These included enlarging the film,
digitizing the wave profile and utilizing various arrangements of
protractors and triangles. The most accurate and reproducible
measurements were those made directly from the original photo-
graphs using an adjustable compass triangle custom scribed with
fine reference lines. Measurements were made of the total Mach
angle 23 well as the half-angle. Measurement accuracy was less
than k.

An example of the streak record of the Mach lines is shown
in Fig. 8. 1In this record, the camera was triggered to start

D il i3 A2 g
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‘ Fig. 7. Mach angle measurements.

recording 20 psec before the incident shock wave crossed the plane
of view. The camera was positioned such that the viewing slit
' (100 microns wide) was positioned 13mm downstream from the tip of
the probe. The streak record displays the two lines representing
the sections of the Mach cone (upper and lower edges) intercepted
A by the viewing slit. A change in the spacing between the lines
is indicative of a change in the Mach angle (and dynamic
’ pressure). Measurement resolution was of the order og 0.2m8
‘ which corresponded to an angle determination within %~ to %

“cConical Mach wave

! e y Conical probe

0 100 200
Time, usec

; Fig. 8. Streak record.
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The spacing between Mach lines measured from streak records
indicated that following the development of the Mach cone, the
Mach line spacing (and the Mach angle) showed no perceptable
change during the remaining period of the test gas flow. It
should be mentioned that side wall pressure measurements were also
obtained during the run represented in Fig. 8. It will suffice
to note here that the (side-wall) measurements agreed with ideal
normal shock calculated values and showed no significant
variations in magnitude during the test period. Based on the test
results, calculations indicated that the dynamic pressure of the
test gas stream also was constant.

Mach angles derived from streak records were in good agree-
ment with those obtained from framing records (see Fig. 7).
During the analysis of the photographic data, it became evident
that one streak record was sufficient to characterize the dynamic
pressure of the entire flow field. 1In addition to providing a
representative visual display of the flow on a single record, the
effort to obtain dynamic pressure information via streak mode of
camera operation was found to require about 1/3 less time
(facility runs) than for the framing mode.

CONCLUSIONS

The measurement of Mach angle around a small cone in a shock
tube is a useful technique for monitoring and evaluation of the
Mach number (and dynamic pressure of the stream flow). The
‘ streak type of photograph as obtained with the image converter
camera is adequate for data recording. Simple optics and a

4 standard electronic flash lamp complete the instrumentation.
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MEASUREMENT OF TEMPERATURES IN A SHOCK TUBE

BY COHERENT ANTISTOKES RAMAN SPECTROSCOPY ({(CARS)

K. KNAPP, F.J. HINDELANG
Fachbereich Luft-und Raumfahrttechnik

Hochschq}e der Bundeswehr Minchen, 8014 Neubiberg, West Germany

\

To measure temperatures behind a shock
wave the coherent anti~Stokes Raman spectroscopy
(CARS) was applied. The optical setup consists
of a frequency-doubled, Q-switched Nd-Yag laser,
a narrow-band, pulsed dye laser, a colinear
optical system and an optical multichannel
analyser for recording the scattered CARS beam.
The double-diaphragm shock tube is operated
with helium and with air as driver gas and
air as test gas.-The shock wave triggers the
laser pulses byFQ:ans of heat probes and delay
electronics at a Well defined and reproducible
moment. To measure temperatures the wavelength
of the dye laser is chosen in such a way that the
frequency difference between the two laser beams
is identical with a rotational frequency of the
ground vibrational state of N2. The temperature
is derived from the intensity ratio of different
rotational lines. The experimental results are
in good agreement with theoretical data within
their error limits of approximately + 10%.

INTRODUCTION

The measurement of temperatures in high speed, hot gas flows,
expecially in the flows behind the shock wave in a shock tube,
is a difficult problem. The measuring times are only in the
range of microseconds; the known measuring methods are often
hindered by strong influences from the flow or the intensities
they provide are too small. S. Lederman! made an extended
review about laser based diagnostic techniques applicable to
fluid dynamics and combustion research at the last shock tube
symposium in Jerusalem. He also discussed the possibilities
of the coherent anti-Stokes Raman spectroscopy (CARS)Z2. Now we
have used CARS for the first time as a diagnostic method in
shock tube research3.

PRINCIPLES OF CARS

CARS is a nonlinear optical scattering method of laser

~
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light on gas molecules, where the intensity and the wave number
of the scattered beam depends on concentration and temperature
of the specific gas. The principal experimental setup is quite
simple (Fig.1).

@ Test medaium Filter
1 P ¢

1 Wag
lLaser 1}* T | PM

w
s
' PM = Photomultiplier

Fig.1: Principal setup for CARS experiments

Two laser beams, the first with a fixed wavenumber w] and the
second with a tunable wavenumber wg, are focussed simultaneously
and colinearly on the test medium. After passing the test cell
the two laser beams are separated by filters from the generated,
laser-like anti-Stokes beam, which then can be measured by a
photomultiplier for example.

The CARS process can be calculated in a semiclassical model
by nonlinear frequency mixing of electromagnetic waves (light)
within a polarizable medium (gas). The theory yields for the
generated CARS intensity I, o the following, important dependen-

cies4:
3) 12 |, ;2
’ 1~ |x I 17 I (1) I
with o
‘ x 3! ~  AN(v,J) Yrd —(2) (2)
2 {wq- )2-i~2I"(w -w )
Yyv,J Wy @g 1”s
[ 4 L}
‘_ aN(v,J) = nqdd) o NOVL,JT) (3)
N N
l» X(3) = susceptibility of the 3rd order ‘
E& Il’ Is = laser intensities
P
ety N = concentration of the specific gas molecules
v
1 El%igl = relative population number of a molecular
state with quantum numbers v and J
Wy o g = wavenumber of a particular transition from
’ (v,J)=»(v',J3'})
r = Raman line width

ey

The following statements can be derived from the above
formulas: _
a) The CARS intensity depends on the concentration of the

ML

molecules and on the reiltive population number, which in -f_
thermodynamic equilibrium is a function only of the temperature L
(Boltzmann distribution),. CARS is a measuring method for ‘%%

concentration and temperature.

au




{134) Knapp and Hindelang

b) By tuning the laser wavenumber wg a CARS spectrum can be
generated. In the resonance case, i.e.

-w = ‘ (4)
“1 7 % T Yv,a

or expressed differently

2-ml —ug = (5)

with wygq = wavenumber of the CARS signal

one gets a peak intensity in the spectrum.

c) The dependence of the CARS intensity on the cube of the laser
intensity leads in comparison with the spontaneous Raman
spectroscopy to signal intensities, which are many magnitudes
higher.

Fig.2a demonstrates a typical CARS spectrum that we get in ex-
periments in stationary test systems. It shows the Np-spectrum of
the rotation-vibrational Q-branch, recorded in a premixed propane/
air flame.
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Fig.2: N2-CARS spectrum in a propane flame,
(a) experiment, (b) theory

The rotationa. lines within the (v=0)- and (v=1)-branch are
clearly resolved: a result which cannot be obtained with classi-
cal spectroscopic methods because of the poor resolution of the
monochromators. With CARS the resolution is given only by the
laser line widths. In our experiments the resolution was

RL = 0.55 cm—1,
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To derive the temperature a computer simulation of the CARS
spectrum is necessary, a simulation which takes into account the
line broadening effects of pressure and temperature and the in-
fluence of laser line widths (Fig.2b). By variation of the
temperature in the computer program we get for our flame measure-
ments a temperature of T = 1600 + 100 K. Fig.2 also shows that
for the temperature evaluation the measurement of intensity ratios
of line maxima is sufficient. This method was used in our shock
tube experiments.

EXPERIMENTAL SETUP

The experimental setup for our CARS experiments in the shock
tube is shown in Fig.3. It consists of a conventional, double-
diaphragm shock tube, a laser system, an optical setup and
detection and trigger electronics.

The driven tube of the shock tube has a length of 12 m and a tube
diameter of 10 cm. Helium and air are used as driver gases, air
as test gas. Shock Mach numbers in the range of 3 = Mg = 6.5 are
obtained. Heat probes (S1-S3) are installed at different points
in the tube wall to measure the velocitiy of the shock wave and
to trigger the electronics.

R e (N
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Fig.3: Experimental setup for CARS experiments
in a shock tube

The laser system (Quantel Corp., France) consists of a
pockelscell-switched Nd-Yag laser with an amplifier and a KDP
frequency doubler. The power of the laser is 8 MW for a 15 nsec
pulse at a wavelength of wj] = 532 nm. 20% of this output is used
as the first beam which is necessary for the CARS process and
which has the wavenumber w) = 1/A,. The main part of the output
is used to pump a dye oscillator and amplifier which provides the
As beam. The dye laser has a power of 0.7 MW, 15 nsec pulse at
g = 550 ~ 700 nm and a line width of 0.2 cm™1.

The two laser beams are focussed simultaneously and colinearly

on the shock tube. Because of the strong depcndence on the laser
intensities the CARS beam is generated in a small focal volume
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with a diameter of 30 um and a length of 2 mm, which is an
excellent spatial resolution. The CARS signal is reflected by a
dichroitic mirror and focussed to the entrance slit of a
spectrograph. The two laser beams which pass the mirror are
focussed again on a high pressure cell filled with Xenon (p=5bar).
There, a nonresonant, (i. e. independent of wavenumbers) CARS
reference signal is generated, which only depends on the laser
intensities and fluctuations. The reference beam is also directed
to the spectrograph. Different filters and also the spectrograph
are used to absorb the laser beams and stray light.With an optical
multichannel system (B&M spektronik, West Germany) the CARS and
the reference beam are received at the exit slit of the spectro-
graph and displayed on a screen (Fig.4).

P = CARS signal

as
‘
'/o' L |4 = Reference signal

‘/“ Ref

= |

o Noise level ]
/ ERef/ !
| - |
Fig.4: Typical signals on the screen of the optical
multichannel system

The ratio between the signals Pag and Pref provides a CARS
signal which is nearly independent of laser intensities and fluctu-
ations. Thus, we reduce fluctuations of the CARS intensity from

shot to shot to only + 7%.

The exact synchronisation of the shock wave and the laser pulse
is an important experimental problem, because of the short times
which arc involved. Fig.5 shows the trigger and delay electronics
by which measuring points behind the shock wave can be chosen
in such a way as to be reproducible with an accuracy of + 4 psec.
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Fig.5: Trigger and delay electronics for the syncnroni-
sation of the shock wave and the laser pulse
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A shock tube experiment starts with the tuning in the CARS
spectrum to the maximum of a rotational line which can be resolved
at the test gas pressure ahead of the shock (Fig.6).
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Fig.6: N2-CARS spectrum at the test gas pressure
of 50 mbar

A measuring point with the distance x from the shock wave is
preselected by means of the delay electronics. After preparation
of all electronical and optical units a shock tube shot is relea-
sed. For the next experiment another rotational line is chosen.

RESULTS

In such a way we obtained the CARS intensities of different
rotational lines in dependence on the distance x behind the shock
and on the shock Mach number. We did experiments with three
different Mach numbers: Mg = 3.33, 5.25 and 6.40. Fig.7 shows two
typical results for the CARS intensities. The intensity values are
related to the values ahead of the shock. The measuring points
are fitted by an exponential curve.

To derive the temperatures, first the ratios of the line
intensities behind the shock are calculated. Therefore the CARS
intensities (Fig.7) are divided by each other and corrected with
the ratio of the lines ahead of the shock. Fig.8 shows a result
which 1is typical for all our experiment. Within the error limits
of + 8% for the CARS intensity ratios at a fixed point x,it follows
that the ratio of the line maxima and therefore the rotational
temperature behind the shock wave are constant.

The temperature is quantitavely determined by a comparison of
the experimentally obtaind intensity ratios with the calculated
intensity ratios of the line maxima . Fig.9 shows for Mg = 5.25
the calibration curve together with the experimental quotient
(Fig.8) . It provides a mean rotational temperature.
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Fig.10: Experimentally derived temperatures in
comparison with calculated temperatures

The agreement between experiment and theory is very good within
the error limit of approximately + 10% for our temperature

measurements.

Finally we have to explain the effect of the strong decay in
the CARS intensity behind the shock (Fig.7), which was observed at
every Mach number and every rotational line. Because of the
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dependence of the CARS intensity on the relative population number
(see: (1) ~ (3)) you could suppose that the strong decay in the

intensity is caused by a change in the vibrational population
number, that is by vibrational relaxation. But that is not the
case because the measured strong intensity decay and the duration
of the decay are in no agreement with calculated changes in CARS
intensities during vibrational relaxation, and also in no
agreemgnt with measured and calculated vibrational relaxation
times »>.

A comparison with our own interferometric measurements in the
increasing turbulent wall boundary behind the shock 6 shows a
very good agreement between the duration for the building up of
a stationary boundary layer and the duration of the CARS inten-
sity decay to a constant signal. Furthermore, if you use some
estimations about the defocussing of laser beams in turbulent
flows !/ and take into account the strong dependence of the CARS
intensity on the laser intensities, it is obvious that the
increasing boundary layer behind the shock extends the focal
volume and therefore reduces the CARS intensity. So we were able
to proove for the first time the influence of turbulent structures
in flows on CARS measurements which was suspected by several
other CARS experimentalists 1,8,9,

The measurement of temperatures by CARS is not influenced by
this effect, because temperatures a. > derived from intensity
ratios which are generated under identical experimental conditions,
that is with identical boundary layer thickness. The measurement
of concentrations is complicated by this effect.

CONCLUSION

With these experiments CARS was successfully applied in a shock
tube for the first time. We have been able to demonstrate that
CARS is a new promising diagnostic tool for measuring temperatures
or relative population numbers of molecular states, which also
works reliabely in the short time, high speed, hot gas flow in a
shock tube. The accuracy of the temperature evaluation reaches
+ 10%.
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TEMPERATURE MEASUREMENT OF DETONATION USING UV-ABSORPTION OF O,
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‘%emperature~dependent molar extinction
coefficients of 0, were measured behind reflected
shock waves. Using this temperature dependence
of the molar extinction coefficients, the overall
temperature profiles of Hy-0, detonation were
obtained within an error of 10% and with micro-
second time resolution. The temperatures measured
at C-J point were nearly the same as the calculat-
ed. However, the precise observation of the
absorption signal showed that the gas temperature
fluctuated shortly after the detonation front.

In the super detonation zone, the highest gas/T_

temperature was much higher than the temperature

at the C-J point. There are two methods for this

temperature measurement: (1) When the partial

pressure of the absorbing species is measured,

the temperature profile can be obtained by meas-

uring the absorption profile of one suitable wave- ‘~

AP000235

length. (2) When the partial pressure of the
species is not obtained, one must observe the
absorption profile of two wavelengths.

By using the result that the temperatures of
the detonation gas were high, the deformation of
a needle was examined in the detonation gas.

INTRODUCTION

In order to know the gas state of detonation, the velocity
and the pressure were often measured with various techniques. 1-4
However, the temperature of the detonation was usually calculat-
ed from the velocity using the ZND-model,l because there are some
difficulties in measuring the temperature directly,

Some groups were successful in measuring the temperature:
Soloukhin measured the detonation temperature from the inten-
sities of the two Balmer H-lines and the highest temperature was
about 5000 K.4 Penzias et al.Sobtained the temperature of detona-
tion as well as of shock waves by measuring infrared emission and
absorption. They found that the H,0 and CO, temperatures agreed
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with the temperatures calculated at C-J point. Gaydon et al.é
measured the temperatures of the shock-initiated detonation by a
spectrum-line reversal method using a chromium line. Terao et
al. measured the electron- and gas-temperatures by the double
prove method, by the spectrum-line reversal method using argon
line, and by the laser light scattering method.7,8 They found much
higher temperatures than the temperatures at C-J point. These
results show that the detonation temperatures are different from
each other, probably depending on the species used for the meas-
urement. Therefore, further studies of the temperature of deto-
nation are needed. Recently we proposed a UV-absorption tech-
nique for temperature measurement, which has microseconds-time-
resolution, and we showed the possibility of measuring the
temperature of detonation.9

Using this technique the detonation temperatures in C-J
condition and other conditions were measured.

METHOD AND THEORY

The light absorption is described by the Lambert-Beer's

law. One form of the law is
I = 10-€C1 (1)
Io

Here, Ig is the intensity of the incident 1ight; I is the
intensity transmitted through the column of absorbing species of
concentration c(mol/cm3); 1(cm) is the absorption path length;
and € (cm2/mol) is the decadic molar extinction coefficient of
the absorbing species at the given wavelength. When one uses the
partial pressure Ppartiar (Pa) instead of the concentration of the
species, equation (1) can be written as

€ _ R
T Ppartial 1

log 10 (—) (2)

Here, the gas constant R is 8.314 x 10% Pa cm3/mol K and the coef-
ficient € depends on the concentration N; of the lower energy

level Ei of light absorption at the given wavelength. From the
statistical thermodynamics one obtains for Nj

i exp(-E4/RT) (3)

Ni = ¢ 7

where ¢ is the total density of the absorbing species; Z is par-
tition function of the species; gj is the degeneracy of energy
level Eiy . The coefficient € is, therefore, temperature-
dependent. One can measure the e-values in advance by using
shock tube technique. Therefore, when the partial pressure and
the ratio I/Iy can be measured, the temperature for a given
species can be obtained by Eq. (2). (Method I)

When one can not measure the partial pressure of absorbing
species, one has to measure the ratios I/Ip at two wavelengths.
Namely, one obtains the ratio n(ix;, A2, T) of the decadic molar
extinction coefficients € (T, X1) and ¢ (T, A2) at two wavelengths
in advance by using shock tube, then the Equation (2) gives
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A T 1 I I
nO, A3,T) = AL TS A (4)
e(hy, T) log, o (Ig2/13)

When one measures the ratios Ig;/I; and Ig3/I; of the absorbing
species, he can determine the temperature of the species. (Method
11)

RESULTS

Using above mentioned
techniques the gas temperatures
of Hz-02 detonation were meas-
ured. The UV-absorption band of
oxygen-molecule was applied to
measurement. Figure 1 shows the
experimental arrangement of the
detonation tube. Figure 2-a
gives the decadic molar extinc-
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tion coefficients of oxygen-

molecule. Figure 2-b shows that
the total gas density did not

influence the
molar extinction
coefficients.
Figure 2-c shows
also that the
molar fraction of
the oxygen in the
gas did not influ-
ence the molar
extinction coef-
ficient. Namely,
there was no
influence of the
pressure broaden-
ing of oxygen.
The temperature
dependences ¢/T
are given in Fig.
3. Figure 4
shows that only
the oxygen—mole-
cule absorbs the
light at the
wavelengths of
the UV-range in
the H2-02 deto-
nation, because
the wavelength
dependences of
I/1g of the deto-
nation gas and of
the oxygen-

molecule resemble
each other.

Figure 5 shows
the observed absorp-
tion profile of the
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Figure 2-a. Tempera-
ture-dependence of
decadic molar extinc-
tion coefficients of
03 at various wave-
lengths.

Figure 2-c. Tempera-
ture-dependence of
decadic molar extinc-
tion coefficients of
0, at various molar
fractions of 0; in
argon. (A=2400 })

Figure 1. Detonation tube,
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Figure 3. Temperature
dependence of ¢/T at
various wavelengths.

‘ D rwg‘tclt on|frant

Figure 5. Absorption profile
A . of detonation.
) Hp:02=1:2, A=2400 &,
‘ Po(Initial pressure) =53 kPa,

Observation place = 3658 mm
from the ignition point.

detonation and the temperature
was calculated for the gas
behind the detonation front by
using Eq. (2) and Fig. 3.
Figure 6 shows the obtained
temperature profile. Here,
Ppartial is a partial pressure
of the oxygen-molecule in the
detonation gas. The pressure
was calculated by estimating
that the molar fraction y(032)
of the oxygen-molecule was al-
most the same as that in the
chemical equilibrium under the
given conditions. (Ppartial =
ppartial x y(0;3) ) At C-J point
the molar fraction y(02) are
between 0.548 (the initial
pressure Pg =40 kPa) and 0.553
(Po = 101 kPa) for the mixture of
Hy: 0;=1:2. It was further
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Figure 4. Wavelength-
dependences of I/Ip of
H2-02 detonation (X =0.25)
in shock waves.

The values of I/Ig of deto-
nation are the maximum
values of light absorption
and the values of I/Iy of
shock waves are recalculat-
ed for the condition;

3000 K, the light path
length of 20 mm, and the
oxygen-concentration of
3.5x 1075 mol/cm3, whose
values are nearly the same
as those at the C-J point.

0 100 200 300 400 SO0 600 700

Figure 6. Temperature and
pressure profiles of detona-
tion gas.

Hy:02=1:2, A=2400 &,

Po(Initial pressure) = 53 kPa,

Observation place = 3658 mm
from the ignition point.

estimated that the molar fraction y(02) remained almost constant
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during the observation time (<1 ms). By the other initial mix-
ture ratios the molar fractions y(02) were also estimated to be
of the same value as in the chemical equilibrium: i.e. y(03) =
0.258 (Po =40 kPa) to 0.260 (Po =101 kPa) for Hz : O2=1:1.

Hy : 0p=1:2 Hy :05=1:1 Hy :0p=2:1
Po (kPa) Tca(K) Tmax(K) Tcg(K) Tmax(K) Tea(K) Tmax(K)
40 2948 3200 3321 4500
47 2962 3400
53 2974 3300 3364 5000 3538 4000
67 2991 3300 3396 4000
101 3028 3300 3462 4000

Table 1. Measured (Tmax) and calculated (Tcj) temperatures
at C-J point.

Table 1 shows the measured (Tmax) and the calculated (Tcg)
temperatures at the C-J point.

Because of the resonant frequency of the pressure sensor
(500 kHz) we could not observe the pressure profiles shortly
after the detonation front with the time resolution of micro-
second. Therefore, the method II was used to measure the temper-
ature just behind the d.tonation front. Figure 7 shows the
absorption profiles at 2500 K and 2600 X. The absorption increas-
ed rapidly at the detonation front. One can not separate the
shock front from the C-J point, because many three- dimensional
structures exist in our absorption path length (the path length =
20 mm, the slit opening=2 mm). Therefore, the absorption
signal should be considered to be the overall (or mean) absorption
intensity. The measured temperature profile is shown in Fig. 8.

0 24 6 81021 1618 202 2 2F
tips)

TAEE I3 X D Figure 8., Temperature and
o oxygen-partial pressure

’ profiles obtained from

— 5 & Figure 7.

! H2:02 = 1:2, Py = 101 kPa,
Observation place = 3658 mm.

Figure 7. Absorption profiles "
of detonation at 2500 R (upper)
and at 2600 & (lower).

Hp:02 =1:2, Pp =101 kPa,
Observation place = 3658 mm,
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Figures 7 and 8 show that the gas temperature fluctuates behind
the detonation front and the amplitude of the temperature fluctu-
ation decreased with increasing distance from the detonation
front. Using the method I, the temperatures of the gas were
measured at the places of 1088 mm and 1658 mm from the ignition
point of the endwall. At these places the stable C-J detonation
was not yet formed. Table II gives the temperatures measured at
these places. The observed temperatures were higher than those
of the stable C-J detonation. The temperatures at 1088 mm, where
there was the flame propagation before the shock front, were at
first lower (T;) than that of the above mentioned C-J detonation.
(T = 2100 K, Po =53 kPa; Tf = 2100 K, Po =67 kPa; Ts = 2300 K,

Po =101 kPa).

H2 : 02=1:2

Po (kPa) Tmax (K)
1l =1088(mm) 1658 (mm) 3658 (mm)
53 (T¢ = 2100) 3600 4000 3300
67 (Te = 2100) 3700 4000 3300
101 (Tg = 2300) 4000 3500 3300

Table II. Measured maximum temperatures at various
observation places from ignition point.

After the flame the shock front came; the temperatures (Tpax)
were higher than that of C-J detonation.

DISCUSSION

There are two possibilities for this temperature measurement
technique, i.e. method I and method II. When we measured the
temperature with the method I, the partial pressure of the oxygen
molecule (i.e. the molar fraction of the oxygen-molecule, y(02) )
was needed during the observation time. The value, y(02), at the
C-J point was used for the calculation. However, the molar frac-
tions of 02 behind the detonation front were not those of the C-J
point. Furthermore, with decreasing temperature and decreasing
total pressure behind detonation front the chemical reactions of
the burned gas occurred; most reactions were the recombinations
and the related reactions. Then, the molar fraction of the
oxygen-molecules changed. In our measurements, however, these
influences were not considered (we expected the molar fraction
of 02 to remain constant). Theoretical calculations in the chem-
ical equilibrium show: The molar fraction, y(02), which was
0.260 in the C-J condition of T=3462 K and P=1.66 MPa, increas-
ed to 0.325 at T=2463 K, P=0.648 MPa for the expanded gas mix-
ture (Initial mixture ratio H2:0p =1:1, Initial pressure Pg = 101
kPa); y(02) = 0.553 in C-J condition of T=3028 K, P=1.48 MPa
increased to y(02) =0.598 at T=2028 K, P=0.868 MPa for the mix-
ture H2:02=1:2 of the initial pressure Pp = 101 kPa. These
increases of the molar fractions indicate the decrease of about
300 K for the gas temperature at T = 2463 K in the mixture H2:02 =
1:1; i.e. the temperatures measured a few hundred microseconds
after the detonation front could be about 300 K higher than the
true oxygen-tempeature; in the mixture of H2:02=1:2, about 100 K
higher. This change of the oxygen concentration was larger for
the stoichiometric mixture (H2:02=2:1). The molar fraction of
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0,5, y(03), which was 0.049 in the C-J condition of T = 3675 K,
decreased to 0.033 at 3175 K and to 0.004 at 2675 K. There was
another problem for the stoichiometric mixture: When the equiv-
alence ratio of the mixture decreased 10% (i.e. ¢ = 0.91), the
molar fraction, y(02), of the oxygen concentration in the C-J
condition was already much larger than that of the mixture ¢ =
1.0; i.e. y(02) =0.049 at ¢ =1.0 and y(02) =0.067 at ¢ = 0.91.
Therefore, the temperature measurement with the method I is
difficult for the stoichiometric mixture. From these experiences
one can say: Once the partial pressure of the oxygen-molecule is
measured, the more exact gas-temperature can be obtained with
the method I, since the signal noise ratio, S/N is 1larger than
that of the method II. Nevertheless, the partial pressure can
not be obtained easily except for the oxygen-rich (much richer)
mixture. Consequently, except the temperature measurement of the
oxygen-rich mixture, the method II is more available, though the
absorption intensities at two wavelengths have to be measured at
one time. Since the temperatures and the densities of unstable
species can be measured with this method II, one can observe the
gas state in non-chemical equilibrium.

The temperatures measured by this UV-absorption are those of
the oxygen-molecules in the detonation gas. When the gas mixtures
are in the thermal equilibrium during the detonation process, the
measured temperatures are those of the detonation gas. Further-
more, it was expected that the stable C-J detonation was already
formed at the place of 3658 mm from the ignition place. The tem-
peratures obtained at this place are nearly the same as the cal-
culated by the IND-model. Penzias et al.5 have also obtained the
same temperatures as the calculated. Gaydon et al.® have also
obtained uniform temperature profiles behind shock initiated
detonations. The observation times of above mentioned groups
were the order of a few hundred microseconds. Accordingly, it is
probable that the inhomogeneity or the non-equilibrium in the gas
phase already vanished.

The temperature profiles with much higher time resolution
indicated that there was a fluctuation of the gas temperature.
(Fig. 7 and Fig. 8) Saito et al.l0 observed the Cz and CH emis-
sion intensities which were radiated parallel to the tube axis
from detonation, and found the oscillations of the emission
intensities. They consider that the oscillations are due to the
three-dimensional structure of the detonati~n. These results
indicate that there might be the fluctuation of reaction order
behind the detonation front.

The measured temperatures were those of oxygen-molecules, as
mentioned above. The oxygen-molecule was not the product of com-
bustion reactions. Therefore, the temperatures of the oxygen-
molecule did not depend directly on the reaction enthalpy. The
temperatures of the oxygen-molecule increase (or decrease) due to
the heat conduction from (or to) other species (intermediate
products and final products). In this consequence, one can
estimate that the temperatures of oxygen-molecule were near the
mean value of the gas. When the temperatures of the intermediate
products (especially the products activated by the exothermal
reaction) are measured, they must be higher than the temperatures
of other stable species. Soloukhin4 has observed abnormally high
temperatures and Terao et al.7 also observed much higher electron
temperatures. Terao's results also show the fluctuation of the
electron temperatures,
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Further studies are needed to know whether the fluctuation
occurs because of the three-dimensional structure of the detona-
tion front and also to know whether there are some other reasons.
It is, however, ascertained that using this UV-absorption mea-
surement, the temperature profile of detonation is obtained with
a microsecond time resolution.

The maximum temperatures of the super detonation are higher
than the temperature of the C-J detonation (at the places of 1088
and 1658 mm from the ignition place).ll The flame propagation
was observed at 1088 mm before the shock wave came. The tempera-
ture Ti was much lower than that of the C-J detonation.

Though it was somewhat abrupt, the deformation of the needle
was observed in the detonation gas in order to see the high tem-
perature detonation gas from other side.l2 The deformation show-
ed three typical cases: the first was that the top of the needle
was melted; the second was that the needle burned; and the third,
the needle was broken. (the fourth trivial case was that the
needle was not deformed.) These cases of deformation appeared
depending on the molar fraction of the mixture and on the setting
place of the needle; namely, they depended on the condition of
the detonation gas (the temperature, the molar fraction of the
gas and the velocity of the burned gas). Melting of the needle
occurred in the detonation gas between ¢ =1 and ¢ =0.5. The
melting amount of the top of the needle depended on the diameter
of the top. Many of the needles were burned in the detonation
gas of the equivalence ratio ¢ = 0.5 and the needles were broken

' in the mixture of ¢ = 0.25. Figure 9 shows the amounts of the
needles melted, burned and broken. As seen from this figure,
the deformation of the needle depended on the gas condition
4 {(i.e. the distance from the ignition place and the mixture ratio).
The largest deformation occurred at the places of the super deto-
nation (1=1000~ 2000mm in our experiments). At these places
the temperatures, the pressures and the flow velocities are high-
er than those at other places.ll As estimated, the flow veloci-
ties of the detonation gas influenced the amount of the deforma-
tion. Namely, at the endwall of the downstream where the flow .
velocity of the gas was zeio, the needle was not deformed. More ‘
precise observation of the melting top of the needle revealed:
. The top of the needle having a smaller radius, r, melted more
‘ and the top whose radius was larger than a certain value (r=0.03
mm at H2:02=2:1) was not melted.

From this observation one can expect to obtain information
on the surface processing of the sharp end of metall2? or on the
form and the place of the detector used for measurements of the
high temperature gas. Further
details will be published elsewhere.

Y

-

%

/,/%fj : O : amount of melted top in mm3
"2 A : amount of burned needle in %

’ ’ TL % ;Eg, O : amount of broken needle in §%
/RFV’”L’ : (Po = 101 kPa)
> 1 ‘i" ) 0_10 .

timl

| : . .
T?QZ/_~VJ5T<::T/1L§I Figure 9. Deformation of needles.
st




21 TR

&
4
¥
h
~
;
©
é’_

Temperature Measurement by UV Absorption [149)

CONCLUSION

The temperature profiles of the detonation gas were obtained
with microsecond time resolution by the light absorption measure-
ment. The gas temperatures had some fluctuation shortly after
the detonation front. By this technique the gaseous temperature

and density can be measured with the time resolution of a few
microseconds.
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A LASER-INTERFEROMETRIC TRAJECTORY-FOLLOWING SYSTEM FOR
DETERMINING FORCES ON FREELY FLYING MODELS IN A SHOCK-TUNNEL

Leonard Bernstein & Graham T, Stott
Department of Aeronautical Engineering

Queen Mary College, University of London, U.K.
N

A prototype, two-point trajectory-following system is
described, which uses a pair of simple Michelson
interferometers having the same He-Ne laser as a Tight
source. Each interferometer provides a 'measurement arm'
which is used to follow the motion of a reference point on
the model, a fringe~cycle being generated when the
reference point moves a half-wavelength along the beam
incident on the model. Each set of frequency-modulated
pulse trains is detected by a photodiode and recorded by a
transient recorder. The stored information is then played
back to a two-pen recorder from which the displacements
versus time and hence the accelerations of the reference
points can be determined.

The system has been used to follow motions in the
pitch-plane of ridge-delta models, allowed to fly under
weak restraint in a shock-tunnel. The motions of two )
models, one of mass 12.7 g, the other 47.6 g were separately ‘
followed, each model carrying two corner-cube
retroreflectors., Data were obtained from which 1ift and
pitching moment coefficients have been derived. In no case
did the model displacement exceed 1 mm in translation or
0.1° in pitch during the test period of 1 ms.

1.  INTRODUCTION '

To measure aerodynamic forces using a conventional "force balance" in a
flow of duration At requires a measuring system having a characteristic
frequency somewhat in excess of 1/at., A force-balance having a high natural
frequency is necessarily stiff and consequently insensitivel. The conventional
force-balance is therefore not really suitable for use in shock-tunnels where
the test period is less than 5 ms and the nozzle reservoir pressure such that l
the forces are of order 10 N on a typical model.

accelerometers?, because sensitive transducers of high natural frequency and
low mass are difficult to design. A hybrid technique in which the response of ;
a low frequency force transducing system is compensated by appropriate
accelerometer signals has been reported®, but the calibration and setting-up
procedures are elaborate and tedicus.

Similar problems arise when freely flown models are fitted with ,
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A somewhat different approach involves monitoring the displacement of a
freely-flying model. A model of low mass (of order 10 g) is suspended by
threads which break as the flow starts. The motion is followed using either
a high-speed ciné camera“, a multiple-spark exposure of a single photographic
plate3, or by mounting a flashing light within the mode1®. To derive
accelerations, and hence forces, requires double differentiation of the
displacement vs time data, so the primary data need to be of high accuracy.
In general high-speed ciné-photography results in pictures of small frame size
and poor resolution; neither is conducive to high accuracy. The multiple
exposure of a single plate is limited by the latitude of the photographic
emulsion, which can marginally tolerate ten exposures in which the shadow
images of the model overlap. The relative positions of these images can at
best be resolved to within 0.1 mm. In the QMC shock-tunnel, the duration of
the quasi-steady test flow is about 1 ms and the force levels of order 10 N.
A model of mass 10 g is displaced less than 1 mm during a test, so that
photographic techniques are clearly unsuitable for resolving the motion.

It is well known that optical interferometry can resolve lengths to
within a wavelength of the 1ight used. When a laser is used as the light
source, not only is it highly monochromatic, it is also coherent over a length
of order metres so that the measurement and reference beam path lengths can be
widely different and yet interference can still occur. A low-powered He-Ne
laser is very suitable, and with a wavelength of 0.6328 um, can be used in a
Michelson interferometer to resolve displacements to within 0.3 um.

There is an added advantage in 1imiting the dispiacementto small values.
When large displacements occur the model also generally rotates, so that its
attitude to the oncoming flow changes. Usually models with lateral symmetry
are tested at zero yaw, and the problem of ensuring longitudinal stability
during a test is an iterative one requiring several runs in which the centre
of mass is adjusted from test to test until "flight at constant incidence" is
achieved. This problem does not arise when the displacements are limited
sufficiently. It would seem therefore that an interferometric technique could
be well suited to measuring the small displacements of a model "flown" in the
QMC shock~tunnel.

2. SYSTEM SPECIFICATION

The quasi-steady flow in the test-section of a shock-tunnel is preceded
by the passage of the starting-waves. The forces acting during this starting
process are time-dependent, and difficult to predict, but they are likely to
he at most, of the order of those occurring during the test period. For
specifying the system requirements it is sufficiently accurate to assume that
the acceleration of the model during the starting process is the same as that
which it undergoes during the test period. In the QMC shock-tunnel the
dynamic pressure can be as low as 1 kN/m2, the quasi-steady test period is
about 1 ms and the starting process, allowing for the establishment of flow
about the model, occupies about 0.7 ms.

To determine accelerations it is necessary to differentiate twice, and
experience suggests that at least 10 fringes (data points) are required for
reasonable accuracy in the second derivative. To measure force coefficients
from 0.01 upwards, we obtain for the "mass loading" required of the model,
that m/Sy < 3.8 kg/m2, The plan area S5, of the model depends on the size of
the test section and the need to mount the reflectors which return the
measurement heams to interfere optically with the reference beams of the
interferometer. The free-jet test-section of the OMC tunnel has a non-viscous
core estimated to be about 200 mm in diameter. A model of length 120 mm with
a triangular planform of aspect ratio 1 was chosen, giving S, = 0.0036 m2,
Thus m < 13.7 g if 10 fringes were to be generated in the "worst" case. Of
course, at higher force levels, more fringes would be produced with such a
model, or one could tolerate a heavier model.

.
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A symmetrical model at zero yaw will experience only a 1ift, drag and
pitching moment. At least three independent interferometer systems would be
needed to follow the motion. Although the model pitches and translates, the
beams reflected from the model must be so returned as to interfere with the
reference beams at the fringe detectors for the duration of the test. In
addition the other components of each interferometer, from the beam splitter
to the detector must remain fixed relative to one another, since any relative
movement would also give rise to fringes.

Although the design is based on a minimum of 10 fringes being generated
during the test period, at higher force coefficients and pressure levels, many
more would be produced, perhaps a thousand. At the end of the test period the
generation rate would be about 3 MHz. The detection and recording system must
have the bandwidth to cope with this if full use is to be made of the
available test time.

3.  APPARATUS
3.1 The QMC shock-tunnel

The driven section of the shock-tube is of square cross-section (76.2 mm)
and approximately 9.5 m in length. Cold hydrogen is used to drive shocks in
the working gas, nitrogen, the tunnel being operated in the tailored-
interface mode, found experimentally to correspond to a shock Mach number of
5.92 at the nozzle entrance. The maximum driver-gas pressure is 100 atm but
for safety and economy it 1s usually operated at lower pressures. A conical
nozzle of included angle 20° with 1nterchangeab1e throat sections exhausts as
a free jet of diameter 305 mm into the test chamber, a Melinex diaphragm being
used at the throat so that the nozzle, test chamber and dump tank can be
evacuated to ensure rapid starting. Side ports in the cylindrical test
chamber accommodate windows of diameter 250 mm. The stagnation conditions at
the nozzle entrance are determined from measurements of the initial pressure
p1»> and temperature Ty, of the nitrogen and the speed of the incident shock
over the final part of its motion before reflection. The reservoir pressure
level and constancy had been previously checked using a Kistler 701A
transducer,

3.2 The model and ite mounting

Although the mass of the model is not to exceed about 14 g, it must carry
retroreflectors which return the incident beams along paths parallel to
themselves. These retroreflectors, see below, are relatively fragile and
expensive and must be protected from damage. Because only small displacements
were necessary, it was decided to suspend the model by two threads.
Occasionally one of these broke and the model impacted the support, so that
protection of the reflectors was felt to be desirable.

The particular layout of the tunnel made it awkward to accommodate an
interferometer to follow motion along the stream direction so it was decided
to concentrate on the motion due to 1ift and pitching moment for the
prototype system. A lifting-model was therefore necessary, and a simple
"ridge-delta" was chosen. The model was fabricated using a thin aluminium
alloy plate to form the plane surface, appropriately chamfered to give the
sharp leading edges, to which was bonded the upper, ridge portion cast from
Isofoam, a closed-cell, polyurethane foam material. Cavities to house the
retroreflectors formed part of the cast shape, holes being provided in the
alloy plate for 1ift and moment element blanks.

The retroreflectors are "corner-cube" reflectors, see figure 1. Any beam
at incidences up to about 45° is reflected along a path parallel to that along
which it came. Moreover, the path length within the glass is independent of
the position on the face ABC upon which the beam is incident so that
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displacements normal to the incident beam do not produce
~ fringes. Rotations do have a small effect which is taken
- S~ into account in the data reduction. Both for protection
~ i and to simplify their location in the model, the
?ﬁ i reflectors were cemented into cylindrical holders,
a4 relieved at one end to fit the ridge-1ine of the model.
~-7 Several nominally identical models were made, and in
addition a model of aluminium alloy only, having the same
nominal dimensions, was made for testing at the higher
force levels. The retroreflectors were easily transferred
from one model to another as the need arose. The main
characteristics of the models are shown in figure 2. The
model was mounted with Oxy approximately vertical, so that
the "1ift" acted horizontally, and the interferometer
AB = BC = CA = 7 mm beams entered through the side windows of the test
chamber. The eye ends of sewing needles were cemented

Fig. 1. Corner into holes fore and aft, about 0.5 mm from Oxy, and the
cube retrorefiector; model suspended on the test-section centre-line from a
silvered faces sting above the flow, using nylon threads. The sting
shown shaded. itself was carried on mountings isolated by a system of

soft springs from both the tunnel structure and the
Taboratory!. The nominal incidence of the model was set, fairly crudely for
these prototvpe tests, against a protractor attached to the sting.

Composite Alloy
X 1 mode1 mode]
co/mm 118.8 120.0
bo/mm 59.4 60.0
ho/mm 14.9 15.0
u 0.059 1
F mass/g 12.73 47.6
xG/mm 35.46 31.24
G zG/mm 1.77 3.75
xp/mm 11,07 30.0
A xp/mm 71.05 67.0
Iny/g mm2 10940 26070
) z
h,

Fig. 2. The main characteristics of the models. G is the centre of mass,
A and F denote the centre-lines of the aft and forward retroreflectors.

3.3 The interferometer systems

The decision to concentrate on the 1ift and pitching characteristics
meant that two independent measurement systems were necessary with two
incident and two returned 1ight beams passing through the test-section
windows, A single He-Ne laser 1ight source was used for both systems, it
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using a beam splitter B3
after being expanded and

collimated to a diameter of
U,-’E,::Em about 10 mm. Expansion of
the beam was employed to
1imit the amplitude
modulation of the fringe
intensity which results
= ‘W==33model from lateral movement of
the retroreflectors, the
sensitive areas of the
photodetectors used being
rather small. Each beam
v was then split into a
B reference beam and an
My if" active beam to form two
¥ Michelson interferometers,
one impinging on the
M2 1 P2 forward retroreflector on
4 the model, the other on the
%l% B2 rearward one, as shown in

laser figure 3. To ensure that
—— ] fringes were generated only
M3 B3 as a result of model motion,
all elements of the

interferometers apart from
the laser and beam expander,

Fig. 3. Schematic diagram of dual and of course the
interferometers; B, beam splitters; retroreflectors on the
M, plane mirrors; P, photodetectors. model, were mounted rigidly

on three optical rails,
themselves mounted on a plate 405 mm square by 12.7 mm in thickness. This
assemb !y was supported on a heavy tubular pedestal isolated from the
laboratory floor by fibre pads. The natural time constant of this system was
very 'ang compared with the test period, so that its motion produced less than
one fringe during a test, though the laboratory structure and floor responded
quite markedly to passing road traffic and underground trains.

The interference fringes were detected by simple photodiodes having a
response time of 0.25 us. The two signals, essentially frequency-modulated
pulse trains, were amplified and recorded using two DATALAB transient
recorders having a maximum sampling rate of 5 MHz and a capacity of 1000
points. The recorded signals were then "played back" on a two-pen chart
recorder for analysis.

4., THE EXPERIMENTS

The majority of tests were carried out at a nominal nozzle reservoir
pressure of about 7.7 atm and a stagnation temperature of 4000 K corresponding
to tailored-interface operation of the shock-tunnel at a driven-gas pressure
p, = 18 torr. The nozzle throat was 12.7 mm in diameter. Based on the
measurements of references 7 and 8, it is estimated that vibrational freezing
of the expanding nitrogen occurs "suddenly" at about 2400 K and that the flow
?ach n:mbgr M_, at the test station is 10.3 with a dynamic pressure of

.07 kN/m=,

Data were obtained over a range of nominal incidences of the model from
-20° to 10° (the flat surface is an expansion surface for positive incidences
of the model); most cases were repeated several times. The composite model
was used for the majority of the tests, but some tests were carried out on
the alloy model. At low incidences, when the force levels were also low,
data were recorded for the full quasi-steady test period of 1 ms. At higher
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force levels, the fringe generation rate was too fast for the transient
recorder to be used at one point/microsecond, and "aliasing” of the data was
apparent. In such cases each store of 1000 points was filled at 2 MHz or
5 MHz and the effective test period curtailed accordingly; adequate data
were produced, even in 200 yus.

—fore ...~
C
o
C 40|
) AVRE
o 30 L < aft
C
Z 2|
e
10 L
e s . N . —
9.1 0.2 9.3 0.4 a.5
time t/ms

Fig. 4. A typical record. The solid line is the derived motion of the
mass centre G.

A typical record is shown inset in figure 4, telescoped along the time-
scale to fit the page. In practice the records were spread over a chart
length of 0.5 m so that the time of passage of each fringe t(n) could be read
to within about 0.1% of the total recorded time. Plots of n(t) for both the
fore and aft retroreflectors for the same test run are also shown in figure 4,

5.  DATA REDUCTION

Consider two right-handed cartesian frames Otnz and G123 as shown in
figure 5. 0Ogng is a laboratory-fixed
(inertial) frame with O in the stream <4
direction and Oz in the direction of 1
the incident laser beams. G123 is a
body~fixed frame with origin at the 3
centre of mass G of themodel, x; and
x3 in its plane of symmetry, with Gl 0
parallel to the face containing the 3
retroreflectors and directed forward,
and G3 normal to it, as shown. The 0 f
angle between G1 and 0O¢ is o(t). It
may be shown that the component of Fig. 5. Inertial and body-fixed
acceleration EG’ of the centre of co-ordinate frames.

R - e e . . B - - v ———— e BTyt ¢
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mass, along the direction Oz and the angular acceleration 6 are given by
(xlF + zaFtane)EA - (xlA + xaAtane)EF

o - - 82
tg iy Fip z3pbesecod .. ceeea (1)

and 8 = (EA - EF)sece/(xlA - @) + 82tang ceeees ceees (2)

where XxF and xp are the positfon vectors in the frame G123 of the effective
fore and aft points of measurement, ; and ;ﬁ are their components of
acceleration along Oz and it has been assumed that T3p = x3p-

The terms involving 82 contribute less than 0.1% in both cases throughout
all test runs and have been ignored in the data reduction. Displacements
normal to Oz do not affect the path lengths of the laser beams, but rotations
of the model do have a small effect. For a "roof-top” prism retroreflector
it can be shown that rotations can be accounted for by taking as the effective
measurement centre, a point on the intersection of its planes of symmetry a
distance eL from the face, where L is the distance of the face from the apex.
For crown glass, of refractive index 1.5, ¢ = 0.88 + 0.01 for |6|<20°, and
since xytane << x; in all practical cases, £ = 0.88 has been used for the
corner-cube retroreflectors also, for which L = 5/v3 mm. The acceleration
components Zr and £ are then simply #rnp and 3a#ip respectively. The raw data
give the fringe numger n(t) for points A and F. By curve~fitting a parabola
n(t) A + Bt + Ct2 using the method of least squares, the second derivative

2c may be found, so that |Z| = Cx, where it is implicity assumed that once
1n mot1on the model continues to move in the same general direction. However
the signs of the displacements and hence directions of the accelerations remain
unknown. Though methods are available for discriminating direc-ion (see ref.10
for example), for s1mp11c1ty in the prototype system, the present data have
been reduced by using internal evidence and plausible argument. For example
at large (numerical) values of incidence a, the displacements Azp and Agp will
both have the same size as a, and since the pressures on each face will Ee
near1y uniform, placing the centre of pressure a distance ¢,/3 from the base,
that is, forward of G, the pitching moment about G will a]so have the same
sign as a. At small va]ues of |a|, the situation can be ambiguous but has been
resolved by requiring that Zg and & be smooth functions of a.

The force Fy in the direction Oz and the pitching moment Mg about G2 are
respectively

Fp=mig and Mg = 1226'9' S &)

where in the second equation we have assumed that the squares and products of
the roll and yaw rates are negligible, As the model swings at the ends of the
threads from the suspension sting, there is a small roll velocity and the
direction of the laser beams is not quite that of the 1ift, because of the
manner in which the model is suspended. In consequence there is also a very
small yaw, but its effects are negligible. The model is hung by a pair of
threads attached close to one of the leading edges, and it must therefore rest
initially with the two points of attachment and G in the same vertical plane.
On the assumption that the nozzle centre-line is horizontal, the model is also
set up with its axis G1 horizontal. The true incidence therefore differs from
that set on the protractor and though it varies slowly with setting angle, the
correction is about -0.9° for the composite model and -2.2° for the duralumin
model. The correction to the 1ift because its direction is not quite along Oz
is very small, about 1% in the worst case. All these effects are of course
avoidable by careful design of the suspension.

The mass m of the model, and of its component parts, were obtained by
weighing, to within 10 mg. The position of the centre of mass G was then
computed, as also was the moment of inertia I,5 about G2. Equation (3) then
gives the pitching moment about the centre of mass, which is in a different
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geometric position for the two models, figure 2. The moments have therefore
been transferred to a common geometric centre, a line c,/3 from the base,
corresponding to the position of the centre of pressure, were the pressures
uniform over each <:rface.

In order to derive the coefficients of 1ift and pitching moment one needs
to know the dynamic pressure 3yp M2 of the stream. This is not known with
any certainty for the QMC tunnel for two reasons. With relatively low
pressure high enthalpy flows, the thermodynamic state of the gas at the test
section is uncertain, and with a conical nozzle, the test flow is spatially
non-uniform. The data of references 7, 8 and 9, have been used, account being
also taken of the small effects due to random variation in the incident shock
strength in the shock-tube. The effects of flow conicity remain unaccounted
for, but are Tikely to be smaller than the cone angle of 20° would suggest
because of the boundary layer on the nozzle wall,

6.  RESULTS

The reduced data, averaged over the test period, for the ridge-delta of
aspect ratio 1 and thickness ratio 0.125 are shown in figures 6 and 7. Most
of the points represent the means of several tests at the same nominal
incidence and hide a scatter of up to +10% in some cases. This is thought
to be due to the rather crude arrangement used for setting the incidence
together with the variation in nozzle reservoir pressure which may amount to
+5% during the test period and may also vary from test to test in a random
way due to differences in the diaphragm bursting behaviour and shock-wave
attenuation.

The fringe count n(¢) over the whaole test period was fitted by a parabola
very well - in all cases the standard deviation was only a fraction of a
fringe. Systematic variations attributable to the small differences in final
shock velocity in the shock-tube were of course taken into account in the data
reduction. The actual measurements yield the 1ift and moment fairly directly;
the derivation of the coefficients, which are based on the plan form area of
the delta, depends also on the dynamic pressure as we have noted. However the
value used, 0.445p; (normalised at the tailored-interface shock strength)
corresponding to sudden freezing of the vibrational mode of the nitrogen
differs 1ittle from the values obtained assuming full equilibrium flow or
fully frozen vibration throughout the nozzle, 0.410p; and 0.440p; respectively.

G b & C
/ m ® ’/‘
011 9¢ //'
- T 4+ 0% -02 /s
o w o &« A
/ - 0.1 1-. Q-’-o‘ou.’ - MO“
"-—-“ji—“—*—‘*\ /
//
/‘ -O.Z‘r ® //!o.o‘-»
0/<Th‘°")‘ -0-34 J
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041 A
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Fig. 6. Lift coefficient vs. incidence; Fig. 7. Pitching moment coefficient
M, =10.3 (about 1ine cy/3 from base)
vs., lift coef?icient;
M_ = 10.3
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Also shown in figure 6 is a theoretical curve computed for the compression
surfaces using an inviscid, perfect gas theory due to Larcombell, which
assumes that the flow is essentially conical and is an interpolation based on
the base areas, between an equivalent cone and a two-dimensional flow. The
expansion surface contribution at each incidence has been computed using small
disturbance theory (see, for example, reference 12), and is found to provide
about 20% of the 1ift. The base region was assumed to be at the ambient
pressure p_. The agreement between theory and experiment is remarkably good
but must be regarded as fortuitous.

In these tests for most of which the Reynolds number Rec_ is about 7000
viscous interactions are expected to be significant, and will modify the
pressures near the leading edges. It is possible that the effects on the
upper and lower surfaces cancel, at least for small incidences, and this may
explain the good agreement; at larger values of |a| divergences begin to
appear. On the assumption of conical flow, the moment coefficient about the
reference line should be zero. A least-squares straight line, see figure 7,
suggests that the 1ift acts about 4% ahead of the reference point consistent
with higher pressures in the forward regions than predicted.

7. CONCLUSIONS

The prototype system has been successfully demonstrated and has produced
data under conditions in which other methods have so far failed. The
extension to the measurement of other force and moment components is one
largely of detail.

The main disappointment has been in the rather larger scatter than
expected from nominally identical tests. However we feel that this is
probably attributable to features other than the acceleration measurement, and
until these have been eliminated the full potential of the system will remain
uncertain,

The manual data reduction is rather tedious, but readily automated. Once
the data are stored in transient recorders, each record could be played back
relatively slowly to a system which would measure the times for an successive

‘ fringes relative to the known overall time of the record. aAn could be
controlled by suitable programming of a microcomputer.
REFERENCES

Bernstein, L. AGARDograph 214 (1975)

Sheeran, W.J. & Duryea, G.R. AIAA Paper No. 69-351 (1969)

Beaussier, J, 1Ind ICIASF, (1966)

Richards, B.E. & Clemens, P.L. IVth ICIASF, (1971)

Pennelegion, L., Cash, R.F. & Shilling, M.J. ARC CP 934 (1967)

Wyborny, W. & Requardt, G. AIAA Paper 74-613 (1974)

Lewis, M,J. & Bernstein, L. ARC CP 1294 (1974)

Goodchild, R.0. Ph.D. Thesis, Univ, of London, (1968)

Bernstein, L. ARC CP 633 (1963)

Betz, R.A., Goethert, W.H., & Bomar, B.W. Paper 35 in AGARD CP 174 (1975)
Larcombe, M.J. ARC CP 1295 (1974)

Shapiro, A.H. Dynamics & thermodynamics of compressible fluid flow, p718.

Ronald Press, (1974)

— b —
N=0OWOJOUNHWN —
« o « o e o




AMPO00237

“

SHOCK TUBE SIMULATION OF

PULSED FLOW AERODYNAMIC WINDOWS*

V. A. Kulkarny, J. Shwartz, and R. A. Briones
TRW Defense and Space Systems Group

Redondo Beach, California 90278

Aerodynamic windows provide pressure and gas species
isolation interfaces which are transparent to laser
radiation. The feasibility of using a shock tube

flow field as a single-shot window for short, high-
energy laser pulses was investigated. A primary
application of such a window would be for the gas

laser driven inertial confinement fusion test

facility currently planned by DoE. Experiments

were performed to determine the phase aberrations

and beam-quality degradations produced by a pulsed-
flow window. Holographic interferograms, when
interpreted with a densitometer, typically showed

an RMS phase aberration of 0.13 rad in tests using .
He and 1.25 in tests using air, all at the 0.694 ym n %
Ruby wavelength.—Scaling relationships developed

under this studyhshow that such performance is more
than adequate to meet the anticipated fusior. laser

beam gquality regquirements.

INTRODUCTION

] In the context of high-energy lasers, an aerodynamic window
1s a gas pressure and species isolation interface generated by a
gas stream. Continuous-flow aerodynamic windows have been used

now routinely on a variety of high-power CW and pulsed lasers as
beam output windows, where the power/energy levels preclude long
term operation with material windows. Some examples are CW gas-~
dynamic (CO;) and chemical (DF) lasers, and pulsed electric dis-
charge (CO;) lasers.}r2s3/¢*

. The gas flow rate in such continuous-flow aerodynamic windows
is typically proportional to the laser cavity pressure and beam
output aperture. For large aperture lasers, such as those currently
envisioned for laser fusion applications, the mass flow rate and
cost associated with running a continuous-flow aerodynamic window
are prohibitively high. However, these lasers operate in a pulsed
mode and require only a pulsed-flow aerodynamic window in which the
flow is on only for a short time during which the laser pulse is
extracted. The flow can then be turned off (and *+he aperture
closed by a non-transparent partition) during the time interval
between two pulses, with substantial saving in gas flow rate and
recirculation costs.

* /
Work performed under LASL P.O. No. 4Lfb-8204x-1.
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The operation of a pulsed-flow aerodynamic window wh;ch cen
provide the same pressure and species isolation as a continuous
flow window but with only a small fraction of the flow rate was
demonstrated at TRW® for single pulse laser fusion applications
using a shock-tube simulation technique.

THE PULSED AERODYNAMIC WINDOW CONCEPT

A pulsed-flow aerodynamic window is described schematically
in Figure 1. It is essentially a burst-diaphragm shock tube
placed at the beam output port of a laser oscillator or amplifier.
The window thus becomes an integral part of the laser beam duct.

REACTOR
CHAMBER

FUSION

® TARGET
FOCUSING
oPTICS

—_— SHUTTER DIAPHRAGM SHUTTER

WINDOW WINDOW LOW
DRIVER DUCT PRESSURE

HIGH
LASER —= pRESSURE

-
- OPEN
b - I mumwmm 1L
b [T LASER | 1 SHOCK
J wmﬁse — @ VIAVE
o
GAS INTERFACE UNSTABLE
‘ Exmcglon INTERFACE

| CI — 1
p)
47 Figure 1. Schematic of a pulsed aerodynamic
‘ : window and its operation

' The portion of the duct to the left of the diaphragm, the
window driver, will be typically filled to a pressure which equals
: the laser pressure. The gas composition there may be different .
H from that of the laser gas to minimize absorption of the laser ‘
beam. A shutter can be used to separate the laser gas from the
window driver gas. This shutter will then be opened (say, pneu-
matically) some short time before the laser is fired. The window
driver gas should be matched in density and index of refraction
to the laser gas to minimize gas mixing and refractive gradients
induced by shutter motion. The conditions in the window duct are
the same as the beam duct, which depend on the mode of window
operation, as will be explained below. A second shutter may be ’
placed downstream of the window duct region to minimize the flow
of driver gas into the duct and to minimize pumping required
between laser pulses. This shutter too will be opened just before
and closed a short time after the laser is fired (see Figure 1,
Sequences ® and ® ).

. OB NG Ay w e - o WP TP WY Lol VY

The diaphragm opening must be triggered by some external means
before the laser is fired. The time delay between triggering the
diaphragm burst and transmitting the laser pulse will be of the
order of 1 to 10 milliseconds, depending on the window and diaphragm
the diaphragm clears the window aperture and flattens itself against
the duct walls (Figure 1, Sequence(®). The resulting gas flow
rapidly evolves into the well understood shock tube flowfield:®
four uniform regions separated by plane waves and a contact surface.

The laser pulse can now be propagated through the window into the
beam Quct.
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The effect of the window flow field on the phase and focusa-
bility of the transmitted laser beam is the one major factor which
will determine the feasibility and usefulness of this window concept.
The major variations in gas properties are along the duct axis, and
hence should have little or no effect on the quality of an axially
transmitted laser beam. However, lateral variations are also
expected to be found in such a duct, particularly next to the "con-
tact surface” which in reality is a turbulent inhomogeneous mixture
of gases from regions 2 and 3 of the shock tube flow. The refrac-
tion through this region could have a degrading effect on the beam
quality of a transmitted laser beam depending on the magnitude of
the index variations.

The effects of such lateral disturbances on beam quality can
be minimized, with proper choice of conditions in the window duct
(or the beam duct). If the beam duct is at very low pressure
(P1/P4) *+ «, and the driver gas essentially expands into vacuum
then the density of the contact surface is very low and cannot
cause significant refraction. If the beam duct is at an inter-
mediate pressure (p4/p3) = 0(l), then the beam duct gas may be
chosen to match the re%ractive index of the gases in regions 2
and 3 of the shock tube flow.

CONCEPT VERIFICATION TESTS

The experiment utilized a conventional shock tube (3.5" square
and 16' long) fitted with optical glass windows at both ends (Figure
2). A scribed aluminum diaphragm was used and the burst was caused
by slowly increasing the pressure on the driver side. Phase aberra-
tions caused by the resulting flow field were recorded holographi-
cally, using a ruby laser pulse. The gas pressure and composition
on the two sides of the diaphragm and the delay time between the
diaphragm burst and diagnostic laser pulse t*, were the test
variables.

OPTICAL WINDOWS
/
0 VACUUM O VACULM PUMP
PUMP AND GAGE g AND GAGE
] /j el W | B o
GAsETAND ] — GAS INLET
PRESSURE GAGE iyt " rressune PAESSURE GAGE
DIAPHNAGM LA TRANSOUCER
—{miceencecay o p—d

Figure 2. Schematic of test apparatus for pulsed
aerodynamic window simulation

The holograms of the shock tube flow event were used in a
sandwich mode to obtain interferograms of the medium. This
technique allows subtraction of the errors introduced by the
measurement optics with the help of a baseline hologram of the
evacuated shock tube sandwiched onto the event hologram. Similar
in principle to double exposure holographic interferometry, the
technique has the additional advantage that the interferogram can
be examined under different spacing and direction of the fringes
by relative motion of the two holograms, which permits a better
evaluation of the phase aberrations and the OPD function.

EXPERIMENTAL RESULTS

Figure 3 shows three interferometric reconstructions of a
holographic record, made at different fringe spacings for a case
of beam duct at a very low pressure. The driver contained Helium
at about 1.2 atm driving into about 0.5 torr of Helium. The three
pictures correspond to infinite fringe, coarse fringe and fine
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fringe interferograms. There is some crowding of fringes close to
the shock tube walls, possibly due to boundary layer effects
which are not essential aspects of the window, as discussed later.
The central 2" diameter circular portion of the 3.5" shock tube
aperture appears to be relatively distortion-free. The flowfield
in this medium includes a shock wave of Mach No. 2.8 and expansion
waves, none of which are apparent since they are almost parallel
to the plane of the picture. The perturbations observed are mostly
due to the turbulent contact interface and the wall layers. - The
time corresponds to about 0.8 ms after the diaphragm burst is
initiated. Densitometric evaluation of this and similar interfero-
grams, performed at the Perkin Elmer Co., yielded (A)/X)ypmg = 0.02
for the central 2" circular region after subtraction of tilt and
focus.?

Figure 3. Sandwich intgrferograms of axial shock tube flow,
(pg/pP1)} > 107, Py = 1.22 atm. He., Single event,
t* = 0.8 ms.

Figure 4 shows the time-development of the shock tube OPD
Pattern with a sequence of interferograms made in air with the
same gas pressures as above. Here the slower sound speed in air
allows more freedom in timing th. ruby pulse and also the large
refractive index makes the measurement far more sensitive.

Evidently the optical quality of the medium in the central
region improves with time, except in the last frame where the shock
wave was reflected from the end of the shock tube. A transverse
diffraction wave caused during the reflection is seen in the pic-
ture. Also, strong light scattering is observed outside the aper-
ture, probably indicating that the reflected shock wave has
interacted with the turbulent contact surface and intensified its
optical inhomogeneities.

Clearly the central picture on the bottom row provides the
best optical quality. 1In the central 2" region of the 3.5" aper-
ture the maximum optical path perturbatipn is estimated to be
about + %A. The time for this picture, when scaled with the wave
velocity and thie shock tube dimensions, is equivalent to the time
for the pictures in Helium, Figure 3. Accounting for the different
refractive indices, 1 A in air corresponds to 0.12 X in He making
these results in air consistent with the results obtained in He
(Figure 3).
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Figure 4. Sequence of interferograms for tests in air
with different time delays; p4/p1.>103,
pg = 1.22 atm. Top: t* = 1.0 ahd 1.2 ms,
Bottom: t* = 1.5, 1.8 and 2.2 ms.

Tests were also made for the case of a beam duct at intermediate
pressures. Here He at 1.76 atm was used in the driver and 91.5% He
with 8.5% N, at 0.59 atm in the driven section (pg4/p;)= 3.3. This
gas mixture was selected to match the index of the driver gas after
both driver and driven gases are processed by the shock tube waves.
The shock Mach No. is roughly 1.3. Delay times as long as t*=2.4
ms were examined. The optical quality in the 2" central portion
of the window was even better in this case as compared to the large
pressure ratio cases (pg/p; > 103), indicating that the shock tube

field can have a good optical quality for a wide range of pressure
ratios.

Significant degradation of the optical quality is observed
next to the shock tube walls throughout this simulation. The
observed variations in the optical density in these regions do not
correspond to the shock tube flows. The thermal boundary layers
on the shock tube walls are typically very thin (=1 mm). In
comparison, the observed wall layers are always much thicker (=1
centimeter or more, generally). Interferograms of the shock tube
without a diaphragm being pressurized in the same way as the driver
section is during a reqular test, show density gradients next to
the tube walls which bear a striking resemblance to the effects
observed in the data. Here the gas in the tube was compressed
adiabatically, except near the walls, where the change in gas
temperature results in thermal conduction to the shock tube walls.
Evidently, this aspect of the data is an artifact of the method
used for bursting the diaphragms and is not an essential feature
of the shock tube flowfield or of the pulsed aerodynamic window.
It will be eliminated if the driver gas can be allowed to come to
equilibrium with the walls before bursting the diaphragm by a
trigger mechanism.

ANALYSIS AND SCALING OF TEST RESULTS

The properties of the inviscid gas flow in a shock tube are
independent of scale when the spatial and time coordinates and
the dependent and initial gas properties are properly normalized.
Dimensional analysis of the flowfield shows that any gas property
"A" is uniquely determined as a function of the scaled space-time
variables, with parametric dependence on the normalized initial
conditions, in the following form

A (3 Ei) = F (_p4 Ta Mg Yi, Y )
r = ! ’ r ’
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When the shock tube is used as an aerodynamic window its most
critical property is the variation in the axial optical path_lengths
across the tube cross-section or window aperture. The relative
change of optical path lengths across the window aperture.in the
(y.z) plane, referenced to any point (yo,zo) and at any time can

be written as

[164]

L

Ak(y,zlt) = f [B(XIYIzIt) -~ B(X:Yoyzo;t)] dx

—L4
where x is aligned with the tube (window) axis and B is the local
index of refractipn minus 1. After normalization, the optical
path difference (OPD) function can be written as

(1,/D)
a (y oz B4 [£(5 L & e
DB4 D’ D' D J- ‘ 84 D’ D' D' D

Now since B/B, is an invariant for properly scaled devices (identi-
cal normalizeé initial conditions and spatial and time variables),
AX/DB4 is also invariant.

Thus, given two pulsed aerodynamic windows of different scales
but with identical initial conditions, the normalized OPD function
will be identical for the two windows provided they are geometri-
cally similar and the time is scaled with the characteristic
acoustic period of the device. It should be noted that in the
pulsed window typically T4/T; = 1. Additionally (B/B4) depends
only weakly upon M,/M;, Y4 and v, for cases of interest. Thus
(AA/DB4), which is the scale invariant performance parameter,
becomes mainly a function of the pressure ratio (P,/P;). Also
note that the similarity is further contingent on éhe diaphragms
having the same dynamic behavior for the cases being compared.

It can be shown, however, that if p, and p; are the same, and so
are the gas composition and diaphragm material, the rupture and
overall dynamic behavior of the diaphragm will be similar.

Typical test conditions and test results are presented here in
Table 1. Included in the table are two tests with a large pressure
ratio (one using He and the other air), and one test for a small
pressure ratio (with He in the driver and index matched He/N; mix
in the driven section). The full window aperture (D=8.9 cm) was
used in the performance evaluation, assuming that the deleterious
wall layers can be completely eliminated with externally triggered
diaphragms.

The window beam quality was calculated using the Marechal
approximation (BQ = exp %[(Ad s) forAd £ 0.5, whereas an
actual "power in the bucket” calculation was performed for cases
with A¢pmyg > 0.5,using the digitized tilt and focus corrected
phase fronts derived from the interferograms. Note that despite
the drastic changes in window gas compositions and pressure ratios,
the changes in the normalized OPD, the major gerformance parameter,
are rather small, ranging from 2.5 to 4 x 10-3. This variation
may be caused by the change in the normalized pulse delay time,
t*ag/D, as much as by the change in initial conditions. The tests

performed were not sufficiently extensive to trace the source of
this performance variation.
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Table 1. Summary of typical pulsed aerodynamic
window test results

TEST
CONDITIONS D(CM) 8.9 8.9 8.9

Driver Gas He Air He

P, (atm) 1.22 1.22 1.76

Duct Gas He Air 91.5He/8.5N,

P, (atm) 1073 1073 0.59

t* (msec) 0.8 1.8 2.4

a, (m/sec) 1025 344 1025

A (um) 0.694 0.694 0.694

By 4.4 x 1077 | 3.6 x 1074 | 6.3 x 1077

t*a,/D 9.22 6.97 27.5
MEASURED @A) | 0.1 1.0 0.06

(AMA) gy | 0-02 0.2 0.02

Bdpys (rad) | 0.13 1.25 0.13
DEDUCED BQ(at A =

2ot pm | 2-01 2.2 1.01

INVARTANT (A)) oy -3 -3 -3
PERFORMANCE | DB, 3.5 x 103 ] 4.3 x 1073 2.5 x 10
PARAMETER

Table 2 shows projections for pulsed aerodynamic window
performance in an ICF system based on our shock tube test results.
Two candidate ICF laser drivers are considered: the CO, and KrF
lasers. Typical laser properties and gas mixes for these two
lasers are presented in the table. For the purpose of this
performance evaluation it was assumed that the beam duct connec-
ting the %aser to the reactor chamber will be under low pressure
(p; & 1072 atm), and therefore only high pressure-ratio windows
wete considered. Two window apertures were used in this evalua-
tion for each laser candidate: a typical small aperture (D=10 cm)
window, which would require partial focusing of the laser beam

pefore transmission through the window, and a typical large aper-
ture (d=100 cm) window, which matches the laser output aperture
and hence requires no beam contraction.

The windows in the ICF system are assumed to be geometrically
similar to the window tested in our experiments, and a relatively
low value of 10 was assumed for the normalized pulse delay time,
t*as/D (t* being the window rupture to laser beam transmission
delay time), to minimize the length of the window (Ly and Lg).
Although the CO; and KrF gas mixes were not simulated in our
experiments, it was assumed that the gas composition will not have
a major effect on the normalized performance parameter, AARMS/DB4'
and a conservative value of 4 x 10-3 was used for the performance
projections, based on our experiments.

The predicted OPD for the ICF lasers, in terms of (AA/A)gms,
can now be determined from the scale~invariant performance para-
meter, AAgms/DB4, and the scale factor DB4/A. The phase varia-
tions and beam quality of the transmitted beam can be evaluated
by the same procedure used for Table 1.

Included in Table 2 are the beam quality requirements for an
ICF laser system. To generate these requirements it was assumed
that 1 mm diameter fusion targets will *»- used, that the beam
focusing elements will have a 10 m FL, and that the beam aper-
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Table 2. Projections of pulsed aerodynamic window performance
for two candidate ICF laser systems.
Laser Co2 XrF
2 (um) 10.6 0.25
Laser Mix He/N,/CO, = .706/.059/.235 Ar/Kr/P, = .95/.045/.005
WINDOW u, 14.82 41.92
A o 8, 1.354 x 1074 2.613 x 1074
LASERS Frivez Mix He/Nz/Ax: = ,564/.405/.031 Ar/Kr = .9547/.0453
3, 1.457 1.6576
a, (m/3) 501.85 314.05
Py (atm) llg llg
p, (atm) 10 10
D(cm) 10 100 10 100
(py/py) 10° 107 107 10°
(t*a /D) 10 10 10 10
WINDOW 10 10 10
wwvarzants | (La/D! 10
(L, /D) 25 25 25 25
> 4 x 1073 4 x 1073 4x 1072 4x 1073
{83/DB ) pys x x
SCALE (D8,/\) 1.28 12.8 104.5 1045
FACTOR
(8A/2) ppee 0.0051 0.051 0.418 4.18
PERFORMANCE . 2. 26.2
PeEpicrrone | A0gs (rad) 0.032 0.32 62
BQ 1.0005 1.052 8.0 104
i . 16 106
IREMENTS Bo 1.0 4

ture, before it is focused, is equal to the window aperture.
The projected performance of the pulsed windows is clearly
within the requirements of the ICF systems considered here.

CONCLUSIONS

A concept for a pulsed aerodynamic window which is compatible
with the laser driven ICF Single Pulse Test Facility was developed
and tested. Test results, when used in conjunction with similarity
and scaling arguments, show that the performance of such windows
will meet and surpass the ICF system requirements.
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VELOCITY MEASUREMENTS OF INCIDENT AND REFLECTED SHOCK

WAVES IN VARIOUS GASES AND IN SATURATED WATER VAPOUR

W.Garen, K.Brudi, G.Lensch

Fachhochschule Wedel; Germany

E>Velocity measurements of incident and reflected
shock waves have been performed by a four-beam-
laserinterferometer. The beam distance for run-
time determination was only 3.3 mm, thus insuring |
an instantaneous velocity measurement obtained
by shock-shock reflection (ideal) and by end wall
reflection (real). Both investigations have been
made in the same be under the same conditions.
Noble gases show a'‘significant deviation of re-
flected shock velocities between both methods
whereas complex gases like CClyFj are nearly un-
effected by end wall influences. Condensation
phenomena are also treated. Saturated water vapour
has been filled in a perpendicular shock tube and
velocity measurements of incident and reflected
shock waves have been made. For Mach numbers
M»1.65 spontareous condensation at a copper end
wall generates rarefaction waves, which decelerate
the reflected shock.

INTRODUCTION

Shock waves reflecting from a co-planar heat conducting wall
are influenced by end wall histories. Several investigators have
studied such effects on normal stress, temperature1, density2,3
and heat flux to the wall4. These measurements have been made at
the end wall plate. Theoretical calculations show that besides
the above parameters the velocity of reflected shock waves is
also obviously influenced bg gnergy exchange, mass absorption
and boundary layer effects 2’°. Piva et.al® have measured density
profiles and velocities (from time mar..s on scope traces) of re-
flected shocks for Mach numbers 3,4 and 6 and for end wall dis-
tances between 0.4 and 26 mm. Due to our much smaller shock tube
(40x40 mm<) ve prefer higher pressures pq (38.6 <pq <400 Pa).
to prevent undesired boundary layer effects for the tube flow
behind the incident shock. The reflected shock is a 'carrier'
of end wall histories and brings these influences back from the
end wall. Thus it seems to be useful to determine whether care-
ful velocity measurements of incident and reflected shock waves
over very small distances demonstrate accommodation effects.
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This method requires sufficient space and time resolution and
sensitive instrumentation, in particular for low pressures and
low Mach numbers. The main goal of part I of this paper is the
comparison of reflected shock velocities obtained by shock-shock
reflection and by end wall reflection. Both methods have been
studied in the same shock tube with similar experimental con-
ditions. Rart II of this paper deals in a preliminary way with
spontaneous condensation - evaporation - phenomena behind reflec-
ted shock waves in saturated water vapour.

Numerical calcul?tions of the Boltzmann equation with the
aid of the Krook model’ show amongst other things a decrease in
reflected shock velocity if on the end wall condensation occurs
and an increase in reflected shock velocity if the end wall partly
evaporates.

For a first check we have set up a perpendicular shock tube
filled with saturated water vapour which is in the state of equi-
libriuma room temperature. We have used the following 'end walls':
a plate of copper or PVC and a plane water surface.

7 -~‘ EXPERIMENTAL
’

Apparatus:

P I

Velocity measurements of reflected shock waves often show
an unacceptable scatter caused by various bursting processes of
diaphragms and slow deceleration effects for longer distances.
Therefore the commonly used diaphragm has been replaced by a quick-
ly opening valve®. This method has been successfully applied in
several shock tube investigations”’ o,

&
jos

The shock tube facility has been described in ref.10. With
the help of two identical valves at both ends of a shock tube we
have set up a so-called 'double shock wave tube'. Velocity
. measurements of shock-shock reflections have been presented in
1979 (Symp.on Shock Tubes and Waves, Jerusalem) 10, The present -
measurement have been performed in the same tube with a cross ‘
section of 40 x 40 mm? and a length of 2500 mm.

Measurement techniaue

Velocities of incident and reflected shock waves have been
measured by a laserinterferometer in a twofold working mode. The
study of shock wave velocities in rarefied gases in a wide range
of Mach numbers demands a highly sophisticated measuring tech-
nique. A very good temporal and spatial resolution and a high
sensitivity (especially for low pressures and low Mach numbers)

- are required. Fig.1 shows the arrangement of the interferometer.

g The basic device is a two beam interferometer consisting of two
Wollaston prisms12. The Wollaston prism W, splits the laser beam
twice with a separating distance of 0.17 mm (middle of shock tube
axis). With the aid of the Wollaston prism Wq the 'two beam inter-
ferometer' becomes a 'double two beam interferometer' with a
distance of 3.3 mm, i.e. we have two .differentialinterferometers
(each with a beam distance of 0.17 mm) and both differential-
interferometers have a distance of 3.3 mm. By mixing and polarizi-
sing the four beams and transforming them to two interfering pairs
we get a difference signal from separate photodiodes (PIN-diodes).
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Lenses L Wollaston-prism W

No No[¥

1 1 1° Beam configuration

: HE: 13

: 4B

E_J O17rmm Spectra Physics 120

P Polarizer S Shockwave W _}——gM '
PIN  Lg L5 PWwWy L Fig. 1 . . ‘

.l x, Laser differential inter-
L — AR~ . ferometer for velocity
UV measurements.

' 125 730 {

The diodes are connected inversely, thus the sensitivity is doubled
and disturbances (laser power changes, vibration) are avoided. It
should be mentioned that the two lenses L4, Ly determine the four
beam diameters (at the shock tube axis) as well as the distance of
the two corresponding interferometer beams (in this case 3.3mm).
The main advantages of this arrangement are:
(1) short measuring distance (3.3 mm)
(2) good spatial and temporal resolution
(3) high sensitivity
{4) velocity of the incident and reflected shock wave is
measured with the same arrangement, thus the velocity
ratio ug/vq is independent of measuring distance d;.

Fig.2 shows a typical density trace with a (x,t) - diagram
where the x-axis is on a scale of 50:1.

(x t)-diagram Xe B %3P

N . Mx156 N
, . o 66811 m:0.732
. i .

- 5 " e

— t0cus of kser beams |

"~
—r

2 3 ximm)

! Fig.2

‘ Typical density trace with (x,t)
1033 mm diagram (x-scale 50:1)

[N ——
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By enlarging the scope pictures, we have calculated the shock Mach
number, the velocities of the incident and reflected shock from
the time intervals at1 and 4 tj. The time interval at3 has been
used to estimate the position of the end wall relative to the
interferometer. This can be done with some measurements of very
weak shocks (My< 1.1). In the case of an acoustic wave (M = 1) the
incident and reflected shock wave have the speed of sound.

d, + a,at
x. = 3 1
M 2
/di thus 0.5<m<infinite,.

For M1 =1, and we have introduced a dimension-

less parameter: m = Xy

For part I velocity measurements have been made for the values of
m=0.686, m=0.732 and m = 1.376 .

Results (Part I)

Velocity measurements of shock reflection by an end wall
plate of aluminjum have been performed with the noble gases
Ar (1 <M1 <4.1), Xe (1<M1 <6.4) and with the polyatomic gases

CO2 (1<M1<5.4) and CCle2 (1<M1<5.2).

10

& Xe, Ar end war|
©Xe Shock-Shock-Reflection L N
08 eXe End-Wall-Reflection m=0686 % _ d=33mem
3 aXe End-Woll-Reflection m=0732 | | _ [{ . .

w,  aXe End-Wall-Reflection m=1376 1" male Fig.3
06 24NN L %oy 0 AT End-Wall-Reflection m=1,376 ) Velocity ratio as a
4 A 2 s

OB oo . - function of Mach num-
R S el bl e

ber for Xe and Ar.

(vrp: reflected shock
ve%ocity, vq: inci-
dent shock velocity)

2026 % =167

04

1227

02 k]
2 The parameter values

are the initial
pressures in Pascal.

L 1 L 1 d |
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1,0 _
.Y l'. coz end wai
Yl o Shock - Shock- Reflec tion x
0,81 ® End-Wall-Reflection m=0,686 9
; » End-Wall-Reflection m=1,376 i
U
0‘6 L d, =33mm
me R
3
04l
------------- R RS
Fig.4
0.2f Velocity ratio as a func-
3 tion of Mach number for
i - | 1 R - | co2 .
2 3 4 5 M, 6 7




:
'
1
-t
!
'
t
'

Velocity Measurements [171]
10
v‘13 . CC|2F2 end w(ll_l_
' L_s“&’ o Shock-Shock-Reflection o
08 o End-Wail-Reflection m=0,686 °[ A7

Fig.5
Velocity ratio as a func-
i ! I 1 ! tion of Mach number for
1 2 3 4 5 6 M, 7 CC12F2'

Fig. 3,4,5 show velocity measurements of shock waves as a function
of the Mach number Mq. The velocities are normalized by the inci-
dent shock velocity vq. The open circles are results of shock -
shock reflectionlO, which have been obtained with the 'double
shock wave tube'. In this case the 'end wall' is formed by the
collision of two equally strong shocks thus no end wall histories
occur ('ideal' reflection). Present results have been obtained with
solid end wall plates of aluminium or plastic ('real' reflection).
Differences between ideal and real reflection are caused by end
wall influences.

The main results are as following:
Velocity measurements of Xe and Ar (especially Xe) depend on
measuring position of the interferometer (parameter m) in a cer-
tain Mach number range 2.5 <My <6 (fig.3). This dependence was
not observed for 'ideal' reflection. For instance in the case of
‘real' reflection a small displacement of Axy = 0.15 mm (m=0.686
to m=0.732) changes the normalized velocity vR/v4q by a maximum
amount of 18% for a fixed Mach number of M4 = 5. On the other
hand a displacement of xy = 3 mm (m=1.376 to m=1.41) doesn't
change the reflected shock velocity. This significant change of
velocity appears mainly related to the ionisation of Xenon behind
the reflected shock wavel3:1

When this paper was submitteg for presentation it was ex-
pected that numerical calculations-® (one - parameter accommodation
coefficient) would be available at the time of the Symposium to
verify the experimental results above. Unfortunately it was not
possible to present calculations which take into account the shock
deceleration by ionisation.

Our measurements for CO2 and CCl,F, are almost independent
of displacement m. For CO, there is, similarly as for noble gases,
an increasing velocity difference between ‘ideal' and ‘'real’ re-
flection (fig.4), whereas in the case of CCl;F); no difference is
observed.

Experimental (Part II)
A perpendicular shock tube has been set up for an investi-

gation of the phenomena of condensation and evaporation. Tube and
equipment are the same as that mentioned in part I.
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Because of the relatively high initial pressures we have connected
a cookie cutter made of glass(i.d. 17 mm) to the end of the shock
tube. Various 'end walls' (copper, plastic, liquid) can be used
for shock wave reflection. Initially the shock tube has been
filled with saturated water vapour. This vapour has been obtained
from destillated water being thoroughly degassed in advance.

For this system we have measured the incident and reflected
shock wave velocities for end walls of copper and plastic. Being
dependent on temperature the pressures pj where in the range
1064 < pq <3325 Pa. For driver gas we have used hydrogen up to
19.8 kPa providing Mach numbers 1<Mq <2.5 .

In a second test the solid end wall has been replaced by a
plane water surface in order to obtain aprobable spontaneous eva-
poration behind the reflected shock wave. Since the measurements

were to take place immediately at the water surface, the surface
tension had to be avoided. ’

Therefore, after having moistened the inner surface of the
cookie cutter with a solution of silicon oil (2%) and methanol, we
have baked the cookie cutter for 24 hours at a temperature of
523 K. Different liquid surface positions (parameter m) can be
chosen by varying the level of a small container (communicating
tubes). With the help of a TV camera the exact position of the
interfercmeter in relation to the water surface has been measured.

‘ Results: l

‘ In the same manner as in part I we have measured the veloci-
ties of incident and reflected shock waves as a function of inci-
' dent Mach numbers. For Mach numbers Mq< 1.65 and saturated water
‘f vapour the measured values are identical with those of the poly-

atomic gas CHy4, which has the same heat capacity and sound velocity
as water vapour.

For Mach numbers Mq > 1.65 there is a sudden decrease of re- '
flected shock velocity (fig.6) and an increase of scatter.

HyO-vapour ;.  1.206«

@ satuewaler

© unsGturwater vap 3 end wall copper
aCH,

« satur water vap ‘end wal’ K0 Ixquad

| transishonai st
condensation

~
-

-~
-

1. Fig.G
| s
- m}fﬁﬁf'ﬁ 4 Reflected shock velocity normalized
Y ”4f/‘ ‘ ~§$Ssn‘ by the incident shock velocity as a
function of the Mach number for
V3 different end walls®' in saturated
water vapour.

o
i
~t
!

At the cold end wall plate (copper), condensation of water vapour

occurs causing rarefaction waves which decelerate the reflected
shock wave.
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For Mq > 1.65 these rarefaction waves overtake the reflected shock
(fixed interferometer ppsition m=0.5) effecting the deceleration.
Fig.7 shows the density pulses of the incident and reflected shock
wave as well as first rarefaction waves.

H,0-vapour
mc/ndent shock  20my m=05
\q end wall Cu-plate
H run 6.26.81/10

Sus
N
/ § ,/ p, =1436 Pa
/4{ M, =161

Fig.7

Density trace in satura-
ted water vapour with
first rarefaction waves
(small pulses at the
right side of the figure)

In order to prove the above assumption, and to exclude the ob-

served rarefaction waves coming from the driver section, corres-
ponding measurements with the same pressures have been done with
methane (a1(H20) = a1(CH4); cp/cv(Hzo) = cp/cv(CH4)). Fig.6 shows

good agreement between water vapour and methane for Mj <1.6. For
a further check,we decreased the initial pressure pq to get un-
saturated water vapour (the vapour behaves like a real gas) to
reduce or avoid condensation. The open circles in fig.6 are
measurements which show the increasing reflected shock velocities
as a result of decreasing initial pressures py. A few measurements
have been made in saturated water vapour with a liquid ‘'end wall’
of water. The measured reflected velocities are all smaller com-
pared to those obtained with solid end walls.
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Fig.8
Density tra.es with in-

run6 258%7

pulste e creasing initial pressures
; 20 causing a deceleration of
U the reflected shock wave

by rarefaction waves.

Fig.8 demonstrates condensation effects for a nearly constant Mach
number M, and different initial pressures pq. With increasing
pressure pq rarefaction waves travel with increasing velocities
behind the reflected shock and eventually overtake it.
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Fig.9

Normalized density calculations as a
function of the normalized distance
from the end wall with a dimension-
less parameter of time.
(condensation: « <1

*ideal’ reflection:e<= 1
evaporation: & > 1)

Fig.9 shows numerical results with the model of ref.7 for the Mach
number Mq = 3. Two parameters besides the Mach number can be
varied. The ratio of the critical temperature normalized by the
initial temperature which is called Tcr and the ratio « of the
incident and the reflected mass flux to and from the wall. For a
value of « < 1 condensation (or absorption) occurs and for o > 1
the end wall partly evaporates. In the case of«= 1 the incident
shock will be reflected without «..2 wall influences (ideal reflec-
tion). The dimensionless parameter TcRr acts as a threshold value.

normalized distance

For instance in a two - phase - system (vapour and liquid
end wall' of water) values of Tpcgr »>>1 and o >1 are conditions
for evaporation behind reflected shock waves. Spontaneous evapo-
ration behind reflected shock waves are relatively unprobable for

small Mach numbers:
1. The pressure increase is much higher than the temperature in-

crease of the vapour. .
2. The temperature of the 'end wall' water will differ little

from the initial temperature.
On the other hand condensation will be favoured due to the above
assumptions. Therefore we have chosen the following conditions
in the case of shock wave reflection in saturated vapour:

TcrR = 1 My =3 o= 0.6,1,10

The development of the velocity of the reflected shock wave
depending on the value ofscis especially interesting (fig.9). Con-
densation decelerates the reflected shock (o= 0.6) and evaporation
accelerates it ( «< = 10).

CONCLUSIONS

Velocity masurements for the cases of ideal and real re-~ '
flection show increasing deviations with increasing Mach numbers
as a result of end wall influences. Careful velocity measurements
at different positions in front of the end wall plate give more
information about the end wall histories and the influences on
reflected shock velocity in the boundary layer. The results with
Xenon show a non uniformity in reflected shock velocity at a
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distance of about 3 mm (m=1.41) in front of the end wall. This non
uniformity is probable caused by the ionisation of Xenon.

The reflected velocity of CCl,F, is equal for both reflection pro-
cesses, thus there is apparently no energy exchange at the end
wall for such complex gases. In all cases of solid end wall
measurements no differences in reflected velocities between alu-
minium, copper and PVC - plastic have been observed.

Reflected shock waves in saturated vapours can be influenced
by condensation phenomena. Preliminary results show a strong effect
on the reflected shock's deceleration when it is overtaken by
rarefaction waves.

A model which specifically takes into account end wall and
boundary layer influences as well as the inner degrees of freedom
would be very useful for the theoretical interpretation of reflec-
ted shock velocity measurements.

This model should also include condensation and evaporation
effects in case they occur.
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INVESTIGATION OF THE DISTORTION OF SHOCK-FRONTS
IN REAL GASES
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\

Previous experimental work has found that under certain
conditions non-planar shock fronts and non-uniform test
slugs occur in shock tubes, and suggests that in some
instances a Rayleigh-Taylor instability at the contact
surface is related to real gas effects of the test gas.

For this reason an extension is made of an analysis due to
Levine that considers contact surface leakage when embedded
in the relaxation region. Also, to elucidate the effect of
the post shock boundary layer on possible contact surface
instability, a modification of Mirels' boundary layer
entrainment theory, to take into account Levine-type mixing
across the contact surface, is discussed. Experiments to
determine shock shape, test sample uniformity and test slug
length are carried out with the use of time resolved
differential interferometry and streak shadowgraphy for
Ar/SFg test gas mixtures, . The experimental results suggest
that the observed flow néiluniformities depend only weakly
on the conditions across the contact surface but depend
strongly on test slug conditions.

INTRODUCTION

Distorted shock fronts and non-uniform test slugs have often been
observed in shock tubes. Cloupeau! showed that under certain conditions
in an electromagneticaliy-driven tube the driver gas did not separate
from the test gas to form a well defined contact surface. Evidence obtained
by Kelly and BesseZ and Levine using pressure-driven tubes sugcasted that
this was due to the presence of a Rayleigh-Taylor® instability. In addition
Emery and AshurstS reported non-planar shock fronts and non-uniform test
slugs for the heavy test gases SF¢ and C,Fg in an explosively-driven shock
tube.

In an attempt to understand the cause and nature of test slug non-
uniformities and shock front distortions in a free-piston shock tube,
experiments were carried out with Ar/SFg test gas mixtures, under conditions
favourable to Rayleigh-Taylor instability across the contact surface, in
the large shock tube facility, 736, by Maddever and Hornung’. Experiments
using pure SF; test gas produced non-planar shock fronts followed by

Present address: DFVLR, AVA, 3400 Gottingen, West Germany.

LU S PORE RN O



AD-A122 200 PROCEEDINGS OF .THE INTERNATIONAL SYMPOSIUN ON SHOCK
TUBES AND WAVES (13TH. . (U) CALSPAN ADVANCED TECHNOLOGY
CENTER BUFFALO NY C € TREANOR ET AL. JUL 89
UNCLASSIFIED AFOSR-TR-82-1031 Fa9e2!




g2 p2s
g &
3y I

lles = =
s s e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STanDaRDS - 1963 -4




Distortion of Shocks (177)

non-uniform test samples. The addition of sufficient Argon to the test gas
produced planar shocks followed by comparatively uniform test slugs, thus
suggesting the presence of a Rayleigh-Taylor instability at the contact
surface. Because the T3 facility did not allow observation windows to be
mounted flush with the circular cross-section inner wall, a square inner-
cross-section shock tube was constructed and incorporated into the smaller
free-piston shock tube facility, T28. The square section tube allowed
windows to be mounted flush with the inner wall, thus enabling the shock

tube flow to be visualised without being affected by area changes. These
latter experiments undertaken by the present authors employed streak-
shadowgraphy for visualisation of the shock, the test slug, and an apparent
mixing front which separated the pure test sample from a turbulent region in
which the driver and test gas are mixed. These experiments confirmed that
pure SFg test gas produced distorted shocks and non-uniform test samples.
However the addition of only small quantities of Argon produced a planar shock
front and a comparatively uniform but short test slug. The use of the heavy
noble gas Xenon as the test gas produced planar shocks and very uniform test
samples thus suggesting that real gas effects were contributing to the
instabilities in the Ar/SFg case. For this reason Levine's analysis has been
extended to take into account the vibrational and dissociative relaxation
behind the Ar/SFg shock fronts. In addition, an analysis, to take into
account the acceleration field associated with boundary layer mass entrainment,
has been used in an attempt to determine the contribution of the boundary
layer to instabilities at the contact surface. However both these theories
were found to be inadequate in predicting the separation of the mixing front
from the shock wave.

THEORY
' Levine assumes that the contact surface is a mixing front followed by a l
region in which the turbulent driver gas and test gas mix. Such a mixing zone

can begin during the shock formation process as discussed by White9. Levine
suggests that this mixing zone consists of "blobs" of mixture, different blobs
having different gram fractions, o, of driver gas. Figure 1 shows the varia-

pla) GMs/cH

3
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Figure 1(a) Figure 1{(b)

tion of the mixture density p(a) on the driver gas gram fraction o for two
different experimental conditions. In both situations there exists a
particular value of a for which the resultant mixture has a minimum density
Ppin- Thus provided ppin is less than the pure test gas density p, that
bToB is buoyant in the presence of the pure test gas and will be driven into
the test slug if a favourable "pseudo-gravitational" field exists. Note that
according to figure 1(b) such a Rayleigh-Taylor instability is possible even
if the pure driver gas is more dense than the pure test gas provided that
sufficient mixing occurs.
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Levine considers the motion of a blob at density pmin when the contact
surface experiences deceleration on receding from the shock through the
relaxation zone in ionizing Argon and suggests a criteria for when the
resulting mixing front will not separate from the shock. In the present
experimental work temperatures are too low to cause ionisation. However
SFe has a large number of vibrational energy levels which can be excited at
Tow temperatures and a vibrational-dissociative relaxation zone exists behind
the shock. Thus a deceleration field analagous to that considered by Levine
can be present in this case. The presence of a boundary layer behind the
shock may be a further source of contact surface deceleration through the
process of mass entrainment. To elucidate which (if either) of the two
possible sources are contributing to the experimentally observed instabilities
both possibilities were investigated theoretically. The case for boundary
layer mass entrainment is considered first.

According to Mirels and Mullens!0 the density variation due to mass
entrainment by the boundary layer behind the shock is small compared to the
variation in flow velocity. Mirels!! therefore suggests that if the growth
in the thickness of the boundary layer with distance from the shock can be
described by a power law, then the velocity profile will be as given in shock-
fixed coordinates by

x 1N
uz(x) = up(o) [1 -(=) 1] (1)
m

where n = 1/2 for a laminar boundary layer and n = 1/5 for the turbulent case.
Xm is the distance at which the post shock free stream velocity, u,, becomes
stationary when the total mass flux is accommodated through the boundary layer
(xm therefore corresponds to the maxim.i possible separation of the shock and
contact surface). The contact surface recedes from the shock at velocity u,
which according to equation (1) changes with separation so that the fluid in
the contact surface reference frame experiences a "pseudo-gravitational" field

9 = - dup(x_)/dt,

where x. is the separation of the shock and contact surface. Blobs of gas at
density ppjn travelling with the contact surface will be buoyant in the
presence of this field and propelled from the contact surface into the test
gas. Assuming that the buoyant gas acts like a rigid sphere of sufficiently )
small size so that viscosity is unimportant it is possible to arrive at an

equation of motion. Following Batchelor!Z for the present case we find,

dub(xb) C du2(xb)

at —q -+ (@)
where R = 0,/ppins k = %%ﬁ » Xp is the position of the sphere and uy its
velocity. ﬁecause the assumption of incompressible flow is valig (see
ref. 11) it is possible to integrate with respect to x for steady flow and

constant R with the initial condition

up(0) = uz(o)
to give
ubz(xb) - up2(o) = k [uzz(xb) - u22(o)] ...(3) ’

For the situation where the sphere becomes sufficiently deformed to conform
with the enveloping streamlines, the buoyant gas may be considered to behave

1ike a continuum in which case that k is replaced by R. It is important to ; .
note that a difference exists between the equation of motion obtained by ! i _

Levine and that due to Batchelor. In part this can be traced to the fact that
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Levine has neglected the virtual mass of the buoyant sphere and to the use of
different integration paths.

We assume that xp becomes the new test slug length in the presence of
this Rayleigh-Taylor instability. Further when up becomes zero, we assume
that the total flux of buoyant gas is accommodated through the boundary layer
and the value of xp at which this occurs becomes the new maximum test slug
length S. From equations (3) and (1) this is seen]to occur when

Xp = S = xp (1 - /T -T/K )T-n . ... (4)
Integration of equation (2) suggests that this Timit is reached when

us(o)t

> 1,
m

where t is the time elapsed since diaphragm rupture. This condition is
satisfied in the present work so that in order to compare theory with
experiment equation (4) is sufficient.

For the case of buoyant gas travelling through the relaxation zone of
length x, it is necessary to integrate equation (2) taking into account the
variation of R through the relaxation zone since the assumption of incompress-
ible flow is no longer valid. Although the profile of p,(x) is easily
determined from continuity, evaluating ppin(x) contributes a more involved
task, and is beyond the scope of this paper. For the present, in order to
compare our work with that due to Levine we shall assume that R is constant.
Integration then gives equation (2) with u,(x) now being the profile through
the relaxation zone. u,(0) is then u fs the frozen post shock velocity.
Should uy, become zero inside the relaxation zone the mixing front will remain
inside this region. Noting that u,(x,) is Upe (the equilibrium post shock
velocity) this occurs when,

/
2 2
k(uoe - u, %)
2= —F 22 "5 qandr> . ...(5)

Urg
This criterion is similar to that due to Levine if his R-1 is replaced by our ‘
k.
EXPERIMENT

Two separate but related experiments were carried out. The first,
undertaken by Maddever and Hornung sought to determine the s?gck shape and
test slug uniformity by producing time resolved differential'® interferograms
of the flow in the large free-piston shock tube facility T3 using different
driver conditions and Ar/SFg test gas mixtures. A nitrogen-pumped dye laser
having a pulse duration of 5 ns was used as a light source. Shock transit
times were measured using thermocouple heat transfer gauges while a pressure
transducer located 7.5 cm upstream of the observation windows was used to
trigger the laser light source. Flat windows of 4 cm diameter and slightly
recessed from the inner wall of the circular cross-section shock tube allowed . ’
observation of the flow. Diffraction of the shock and other flow disturbances
were caused by the area change at the observation windows and may have con-
tributed largely to uncertainties in classifying the flow condition. However
it was still possible in most instances, to discern large non-uniformities
of the test slug and distortions of the shock front that appeared to be !
related to the process of turbulent mixing. Two extreme conditions were !
observed. The first shown in the interferogram of figure 2(a) is characterised . .
by a planar shock front and undisturbed post shock fringes indicating a y
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uniform test slug, and was classified as “stable". The second, shown in figure
2(b) and characterised by a badly distorted shock front and chaotic post shock
fringe shift depicting a highly turbulent test sample, is classified as
"unstable". The extremes shown in figure 2 presented no difficulty in

Figure 2(a) Figure 2(b)

classification. However under some experimental conditions it was found that

a smooth spherically shaped bulge appeared on the shock front while the test

slug appeared to be undisturbed. Possibly such an event corresponds to the
D'yakov-typel4s15 instability reported by Griffiths, Sandeman and Hornungl®6,

although it is outside the criterion for this instability, or could be related

to diffraction effects associated with the area change at the observation .
windows. Care had to be taken in classifying this third condition especially ‘
at low densities where the differential interferometer was less sensitive to

flow non-uniformities. Because the shock did not have the "bubbly" appearance

of that shown in figure 2(b) it was supposed that this latter class was

unrelated to the process of buoyantly driven mixing and it was therefore

decided to classify such events as "uncertain". Maddever and Hornung's

results only allowed the post shock flow to be visualised up to 2 cm behind

the shock front before the flow began to interact with the wedge model

(visible in figure 2 , was used for other purposes and has no significance

to the present work) and therefore location of the mixing front was not

possible.

Table 1 lists the experimentally measured and theoretically calculated
flow conditions for these experiments. Test slug conditions were theoretically
calculated from the measured shock speed and shock tube filling pressure by
the use of an algorithm that took into account real gas properties but assumed l
thermodynamic equilibrium. Thermodynamic data for the gases Ar, SFg, and the
dissociation products SF,, SF,, S, avg F, were obtained from the data of
McBridge, Heimel, Echlers and Gordon!/. The ratio R, was calculated by
determining the mixture densities p(a) for different values of a by the use
of the same computer program until a minimum density was encountered. In
evaluating p(a) it was assumed that the resulting mixture reached thermodynamic
equilibrium isobarically and adiabatically. Two typical plots of p(a) are

¥
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Table 1.
Ar/SFg P,(torr) M, Classification R L
0 18 11.5 unstable 2.01 1.19
0 5 16.5 unstable 1.92 1.19
1 80 5.5 uncertain 1.78 1.05
1 40 6.9 unstable 2.06 1.10
1 20 8.2 stable 1.52 1.07
1 10 9.7 uncertain 1.34 1.05
1 5 11.6 uncertain 1.31 1.05
2 80 5.4 stable 1.29 0.94
2 35 6.1 stable 1.15 0.92
2 8 7.8 stable 1.07 0.93
6 22 6.2 stable 1.00 0.73

given in figure 1. The flow velocity behind the frozen normal shock, Uyps Was
simply calculated from (assuming the strong shock limit),

Uy Yf+]’
where Y¢ is the ratio of the frozen specific heats.

The second group of experiments used a square-inner-section shock tube of
3/4" internal width, with observation windows mounted flush with the shock tube
walls. A shadowgraph optical arrangement was sufficient to visualise both the
shock and the mixing front. Streak photography was used to enable flow
visualisation up to 70 us behind the shock. A slit focussed into the focal
plane of the recording camera allowed a spatial resolution of less than 0.5 mm.
Shock transit times were measured using pressure transducers, the closest
transducer to the observation windows being used to trigger the streak camera.
A cw He Ne laser was used as a light source, and an electronic shutter was
necessary to ensure that the high intensity laser light illuminated the photo-
cathode of the streak camera for only a minimum duration. Two typical
streak-shadowgraphs are shown in figure 3. Invariably when what appears to be

Figure 3(a)

the mixing front, was observed to be separated from the shock as shown in
figure 3(a), the shock wave was found to be plane, while when the apparent
mixing front appeared to be not separated the shock was found to be badly
distorted as shown in figure 3(b). This suggests that buoyantly driven
mixing directly behind the shock may modify the shock strength causing it to
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Figure 3(b)

become distorted. Further we did not observe the bulged shock fronts of the
previous experiments.

From the shadowgraphs, the streak speed and shock velocity it was
possible to measure the separation distance A of the apparent mixing front
from the shock, while the test slug conditions, the values of R and L were
again calculated as previously. S was evaluated from equation (6). x, was
calculated from references 11 and 18 using the real gas properties of the
Ar/SFg test slug and employing the Sutherland viscosity law. Mirels19
suggests than an appropriate Reynolds number per unit length for shock tube
flow is given by,

R u U 2
e 2 1
- = —=[—-1], ...(6)
2 vy Uy ]

where v, is the kinetic viscosity measured at the wall. Hartunian, Russo and
Marrone (ref. 20) report that the highest boundary layer transition Reynold's
number, calculated from equation (6) and experimentally measured values of

£ = £¢, is approximately 50 million. In the present work Re/f is greater than
100 million/cm and we would expect £+ < 0.5 cm, consequently the assumption of
a turbulent boundary layer appears to be valid. The correlation of A with the
various parameters is shown in figure 4.

Square symbols correspond to the use of Argon as a driver gas while
triangular symbols indicate the use of Helium for the driver gas. The
symbols have been filled when the shock front was observed to be plane, but
unfilled when distorted. Error bars are approximately the size of the symbol.
The results presented were taken over a narrow range of shock Mach number
(6.1 <M; <6.6) in order to see the consequences of varying the driver gas
conditions. The results show a poor correlation with the density ratio R, the
modified Levine's parameter and the predicted separation due to boundary
layer entrainment, although in the latter case agreement between the two
driver gas conditions is improved. It is emphasised that the assumption of
constant R could be important in determining the separation as predicted by
relaxation effects. The correlation with Reynolds number per centimetre as
defined by equation (6) is somewhat better than with the predicted separation
S, but the best correlations are obtained with parameters such as the
temperature ratio across the shock or the Ar/SFg ratio which reflect the
thermodynamic properties of the mixture. Noticeable in this correlation is
the rapid decrease in the separation of the mixing front from the shock for
Ar/SFg ratios less than 0.25. Further experiments are in progress to
investigate these effects.
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CONCLUSION AND REMARKS

The experimental work to date does not support the simple models of
Rayleigh-Taylor instability as presented here, although this may be due to
the assumption that the ratio R is constant through the relaxation region.
The theory is being modified to remove this restriction.

For the second series of experiments no shock distortions were observed
where the apparent mixing front was clearly separated from the shock wave,
and the separation distance reduced rapidly with increased concentrations of
SFe in the test gas above a critical value. This is under further investiga-
tion and particularly experiments are proposed in which the driver gas density
is sufficiently high to reduce the tendency to instability at the contact
surface.
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MEASUREMENT AND CALCULATION OF SHOCK ATTENUATION

IN A CHANNEL WITH PERFORATED WALLS
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\

The velocity of a shock wave generated in an air/
air shock tube with perforated walls is measured
by means of an optical Doppler schlieren technique.
The attenuation of the shock is measured for per-
foration ratios varying between 0.1 and